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ABSTRACT
This thesis presents a study on ember flight modeling based on a series of wind tunnel
experiments. The purpose of these experiments and the data collected was to provide the
input conditions for an ember flight model in order to compare and validate the model
predictions. An analysis was performed which determined the sensitivity of model
predictions of downwind mass distribution to uncertainties in the model input parameters.

From the wind tunnel experiments, flight distances were measured and characteristic
ember size distributions were obtained from the collected data. A flight model was
developed based on standard models published in the literature that was modified to
account for particle size variability. The model input conditions were based on the initial
conditions observed during the experiments. The model output was compared to the mass
distributions obtained from the experimental data. This flight model looks specifically at
the propagation phase of ember flight while subject to combustion. Modeling including
the lofting and deposition phases should be considered in future work.

The two main goals of the thesis were to compare the measured downwind mass
distribution with the results of the model simulations, and to conduct a parameter
sensitivity study to establish the experimental parameters that have the most influence on
the downwind distribution of embers.
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The first goal of the model was to replicate the mass distribution data collected from the
experimental tests. Both the measured and simulated downwind mass distributions were
very uneven. This is due to the large range of ember sizes measured and simulated, and
the finite number of embers collected in the experiments. As such direct comparison was
somewhat limited though for the section of the ember field measured, the simulations
provided a reasonable first order approximation of the measured distribution.

The second goal was to examine the sensitivity of the predicted ember flight distance to
changes in launch angle, launch speed, wind speed, and the size distribution of the
embers. A reference case of input parameters was selected and a series of simulations
were run varying each of these parameters one at a time to determine their effect on the
model predictions. This was done by calculating the center of mass for the mass
distribution and the standard deviation about that center of mass for each simulation.
These values were compared to the values obtained from the reference case. The
parameter sensitivity analysis shows that the particle launch velocity has the greatest
impact on the predicted flight distance. A 20% increase in the launch velocity increased
distance to the center of mass by 40%, while decreasing the launch velocity 20% reduced
the distance to the center of mass by 22%. Therefore, more accurate measurements of this
parameter are needed to decrease the level of variability in this input parameter. This
uncertainty most likely accounts for the bulk of the uncertainty in the downwind mass
distribution.
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CHAPTER ONE
INTRODUCTION
Wildland fires are a constant and significant threat to the environment, our infrastructure,
and citizens. These fires cost the U.S. millions of dollars in damages each year.
According to the National Interagency Fire Center (NIFC), the year 2010 saw a total of
71,971 wildfires that burned over 3.4 million acres. The NIFC also stated that the wildfire
statistics reported for year 2010 were actually below the 10-yr average. Currently, the
year 2006 holds the record for the most wildfires as well as most acres burned; a reported
total of 96,385 fires burned 9.9 million acres during 2006 (NIFC, 2011). The NIFC
Wildland Fire Summary and Statistics Annual Report gave an “annual average of 1,179
residences, 1,156 outbuildings and 42 businesses destroyed by wildfire.” One of the
largest wildfires during 2010 was the Long Butte Fire in Idaho burning 306,113 acres; the
estimated cost for this fire was over $4.2 million. The largest estimated cost from 2010
was the Twitchell Canyon fire in Utah that burned 44,892 acres and was estimated to cost
over $17.3 million. Both fires were recorded to be caused by lightening (NIFC, 2011). As
of June 2011, the southern United States including Texas and New Mexico were
experiencing record drought conditions and as of May, the eighth consecutive month of
below average precipitation (NOAA, 2011). Periods of drought commonly precede largescale fires such as the historic 1991 Oakland Hills Fire, where the recorded relative
humidity was nearly zero (Koo, 2010; Pagni, 1993). Such conditions can enhance the
possibility of a wildfire being ignited, as well as the intensity and speed at which the fire
burns and spreads. The month of May began with a total of 30 fires burning across the
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south and southern plains. The month of May 2011 has seen a record breaking number of
acres burned (NOAA). History shows us that devastating fires are inevitable. Our only
defense is to study and understand the conditions that favor these events as well as their
behavior in order to predict their potential to spread, so that necessary plans of action can
be put into motion.

Many factors can affect the spread of wildfires. These factors can include the geographic
location and topography, type and condition of the fuel whether it is vegetation or
materials from structures, and meteorological conditions. Sardoy et al. (2008) claims that
“fire spread is mainly controlled by convective and radiative heat transfer from the
burning fuel bed region to the unburned vegetation ahead of it.” Spatial heterogeneity of
vegetation can also affect the spread of wildfires: “in some landscapes long intervals
without fire may result in a decreased probability of fire due to successional replacement
of fire-prone species landscapes by less flammable species” (Mermoz, 2005). Mermoz et
al. (2005) found that past fire disturbances result in the inability of forests to completely
recover and often results in the areas being replaced by more fire-prone vegetation.
Weather plays an important role because “fire occurrence peaks where rainfall is
sufficient for the production of continuous fuel loads but where occasional drought
periodically results in large areas of dry fuels” (Mermoz, 2005). Amount of precipitation
and time since last rain is an important factor in the flammability of fuels therefore
directly influencing the ability of wildfires to spread. As will be discussed later,
vegetation with high moisture contents do not sustain burning after ignition and do not
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produce significant numbers of firebrands. Topography can also directly impact the
spread of fires because it can increase the transfer of energy to upslope fuels from
flaming fronts (Mermoz, 2005). In a large-scale fire study, Mermoz et al. (2005)
determined that “[s]lopes steeper than 60% occupy a proportionally greater area within
the burned zone than in contiguous unburned patches” while “[s]lopes in the 15-30%
class are proportionally less extensive in burned than in unburned areas.” The results of
Mermoz et al. (2005)’s study showed that fuel type and slope were the dominant
influences on the spread of wildfires.

Another mechanism, which plays a key role in the spreading of both wildland and
wildland-urban interface fires, is firebrand spotting (Fernandez-Pello, 2009). “The
Wildland-Urban Interface (WUI) is defined as a location where structures meet or
intermingle with undeveloped wildland” (Manzello, 2008b). The process of spotting
involves firebrands being lofted and transported downwind to ignite new spot fires in
receptive fuel beds, which significantly enhances the speed at which the fires spread
(Sardoy, 2007, 2008). The receptive fuel beds can include vegetation as well as homes
and other structures. According to Manzello et al. (2008b) “evidence suggests that
firebrands are a major cause of structural ignition in WUI fires.” Atmospheric conditions
such as high wind velocities and low humidity are favorable conditions for spreading
wildfires by increasing the spotting distance as well as the ignition probability of the
receptive fuels (Koo, 2010). Wind is especially critical “because strong wind increases
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firebrand hazard in all respects, enhancing firebrand generation, transport, and recipient
fuel ignition by firebrands” (Koo, 2010).
The spotting phenomenon can be broken into three components: generation, transport,
and ignition of fuel upon landing (Koo, 2010). This thesis will focus primarily on the
transport mechanism. This study involves the analysis of firebrands collected from
experimental testing of a firebrand generator where the input was an assortment of dowel
rods, pine bark and wood chip mulch. This thesis examines the sensitivity of the
predicted ember flight distance to changes in launch angle, launch speed, wind speed, and
the size distribution of the embers. Below is a review of the literature on ember flight
including risks associated with ember spotting, ember sources, flight models, combustion
models, spot fire ignition, and previous experimental results.

1.1 Risk From Embers
Firebrand spotting is “the dominating fire propagation mechanism in high intensity forest
fires” as well as “the primary cause of house ignition in wildland-urban interface areas”
(Porterie, 2007). Figure 1.1 depicts an example of a home igniting due to an ember storm
created during a series of wind tunnel experiments at the IBHS Research Center located
in Richburg, SC.
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Figure 1.1: Home ignition due to firebrands. (Photo courtesy of IBHS)

It has been determined that the “threat of spotting ignition increases as the scale of the
main fire enlarges because a larger fire produces a larger and stronger plume… capable
of lofting larger firebrands a greater distance” (Koo, 2010). Observations have shown that
for “extremely adverse conditions some firebrands can be carried up to very high
altitudes, and then they may ignite secondary fires several kilometers from the flame
front” (Tarifa, 1965). Firebrands pose an enormous threat to fire-fighters due to their
ability to ignite spot fires or structures far from the flame front, breaking through lines of
containment. Spotting is impossible to prevent and rapidly increases the rate at which
fires spread. This is extremely dangerous because people and firefighters can become
trapped (Fernandez-Pello, 2009). Firefighters on the front lines can become quickly
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overwhelmed because the spreading patterns and behavior of fires is considerably altered
by spotting firebrands which makes containing the fires that much more difficult
(Porterie, 2007). The spotting process can depend on various parameters such as the
material source and properties of the firebrands, size and intensity of the fire, and
atmospheric conditions. The conditions of the receptive fuels are also critical because
given certain conditions, firebrands can ignite the receptive fuels beds, which not only
creates a new spot fire, but creates a new source of firebrands (Koo, 2010). The best
strategy to understand this spotting phenomenon is to determine what factors have the
greatest influence on the propagation and deposition of firebrands.

1.2 Sources of Embers
Firebrands can be produced in a variety of ways and from a range of sources. Examples
of possible materials of firebrands include various types and parts of vegetation (twigs,
leaves, pine needles, cones, branches, bark etc.), particles from burning structures or
rubble piles (shingles, siding, scraps of wood and metal, etc.), and metallic particles
(arcing power lines, welding, etc.). Firebrands can be initiated from various heights for
each of those scenarios. For example, the firebrands can be lofted from crowning tree
canopies, power lines contacting trees, burning structures, or from fires at ground level
(Fernandez-Pello, 2009). The type and properties of the firebrands’ source material and
their release heights are important parameters in the prediction of their propagation,
distribution and state at landing.
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Firebrands can be a result of burning vegetation as well as structures. There are a limited
number of studies that have conducted experiments to produce and analyze firebrands
from actual burning vegetation and structures. Manzello et al. (2006) conducted a series
of full scale experiments with Douglas-Fir trees which are abundant in the western
United States, a location very familiar with wildfires. These experiments involved a range
of tree sizes that were mounted on a platform in the Large Fire Laboratory at NIST. The
size of trees was limited due to safety reasons. The trees were allowed to dry to obtain
optimum moisture content. The trees were not subjected to wind during these tests. They
were fueled by natural gas and ignited. Water filled pans were placed strategically around
the burning trees in optimum locations that would catch the most firebrands. The
firebrands were collected, dried, weighed and measured. Load cells were used to
determine each trees mass prior to burning and post-experiment. This data showed the
mass lost due to burning and these values were compared to the mass of firebrands
collected in the pans.

Previous studies have analyzed sustained burning after ignition as a function of moisture
content. Manzello et al. (2006) compared and validated the results of his experiments to
these previous studies. For a moisture content of 50% the trees would only partially burn
and produce no firebrands. Conclusions stated that “Douglas-Fir trees generated
firebrands only if the moisture content was maintained below 30%” (Manzello, 2006,
2007a).
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The firebrands collected from the burning Douglas-Fir trees were all cylindrical in shape.
After weighing and measuring the firebrands, a size and mass distribution was
determined. The largest firebrands were produced from the largest trees. Although, the
mass distributions from the two different tree heights used were very similar. Manzello et
al. (2006)’s state that their results show a linear relationship between the surface area and
mass of the firebrands. The mass lost due to burning was determined using the loading
cells and results show that the larger trees had a larger loss in mass.

This work was extended by Manzello et al. (2009) to examine burning Korean Pine trees.
This species of tree is common to China, Japan and Korea. The trees analyzed were all a
fixed height. The trees were allowed to dry prior to testing in a drying room using
dehumidifiers. A minimum of 40 days of drying time was necessary to reach moisture
content levels of 30% or less (Manzello, 2009). A range of moisture contents were
analyzed to determine the sensitivity of firebrand production to this parameter. The
ignition mechanism consisted of a propane burner that surrounded the base of the tree.
The experiments were performed in ambient wind conditions. The firebrands were
collected using a series of water filled pans. The firebrands were then filtered from the
water and oven dried. After drying, the firebrands were each weighed and measured. As
in previous studies, the trees were placed on load cells which were used to determine the
mass lost due to burning. These masses were compared to the masses of collected
firebrands.
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Results show that the Korean Pine trees could only produce firebrands when the moisture
content was at or below 35% under ambient wind conditions. All collected firebrands
were cylindrical in shape (Manzello, 2009). When compared to his previous study on
Douglas-Fir trees, Manzello et al. (2009) concluded that the firebrands collected from the
Korean trees were very similar in shape. The data collected also showed that the mass vs.
surface area scales differed between the two species of trees. In addition, the “Korean
pine trees produced a larger mass of firebrands, per amount of fuel burned” (Manzello,
2009).

1.3 Flight Models
The flight of objects due to wind has been studied for both combusting and noncombusting objects. In wind engineering non-combusting debris is important because of
its potential to cause damage due to impact. Combusting debris (embers) are studied by
wildfire researchers due to their potential to cause spot fires. The literature on both is
reviewed below.

1.3.1 Wind Engineering Literature
Early experimental studies on windborne debris flight were done by Tachikawa (1983
and 1990) who studied trajectories of flat plates and prisms in a wind tunnel and
developed a set of coupled differential equations for the vertical and horizontal
acceleration of a piece of debris released into a wind stream. This work has been
extended and accompanied by experimental investigations of the flight of different
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shaped objects. For example, Wills et al. (2002) created a model to simulate the
production and behavior of wind-borne debris and its potential to cause structural
damage. The motivation behind this study was to predict the damage that occurs on
structures during high-speed wind events such as typhoons and hurricanes. These events
can be devastating economically and to the public. The debris produced in such events
will be irregular in shape and therefore subject to rotation or a tumbling motion in the air,
making it very difficult to model. Wills et al. (2002)’s model takes into account the
aerodynamic forces of cube, sheet and rod shaped debris in high-speed winds and links
this process to the impact of the debris on structures to predict the magnitude of damage.
The model assumes an average force coefficient to account for all possible orientations of
the particle to the wind.

The conditions required to initiate debris flight are considered. Flight is assumed to be
initiated “when the lift on an object exceeds its weight” (Wills et al., 2002). An analysis
is performed where the wind speeds are increased until the particles become airborne.
This shows that smaller and lighter particles become airborne first. Two materials, wood
and stone, are analyzed at three different wind speeds. Models must “take account of the
fact that debris objects move through the air at a fraction J of the wind speed” so Wills et
al. (2002) conducted a series of wind tunnel experiments to examine flight patterns and
determine the appropriate values of J for the various materials and shapes mentioned
above. This allowed for validation of the model which can be modified for materials of
various density, size and shape. The experiments show that “sheets exhibited significant

10

lift in the early stages, and they clearly did not fall simply under gravity as the cubes did”
and as observed in many real situations, the sheets “appear to lift from the upstream
edge” (Wills, 2002). Another observation was “that the sheets in the tests appeared to
rotate at a relatively constant rate once flight had commenced, although the actual rate of
rotation varied considerably” (Wills, 2002). The wind tunnel experiments also allowed
for the determination of J, the fraction of the wind speed at which the debris traveled. The
sheets had a J value of almost twice that of the cubes and Wills et al. (2002) was able to
“postulate that the value of J for rod-like material is likely to be between these two
values.”

A comparison of the kinetic energy of these materials “shows how much more dangerous
less dense materials are at a given wind speed” (Wills, 2002). Wills et al. (2002) initially
“assumed that the amount of damage sustained is proportional to the missile kinetic
energy.” Once the flight conditions for three dimensional objects were taken into account,
the function for determining the magnitude of damage was found to have a strong
dependence on wind speed, U and “as U increases the damage inflicted by the
corresponding missile size also increases rapidly” (Wills, 2002). As one might expect, the
magnitude of damage also depends on the number of missiles that impact the structure.
Therefore in order to estimate the total amount of damage to a building, an “[e]stimate of
the availability of missiles might be determined by an analysis of the wreckage left in the
aftermath of a typical tropical cyclone in an urban area” (Wills, 2002). Similar techniques
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can be used to estimate the quantity of particles that can become air-borne in a variety of
situations.

Holmes et al. (2004) looks at numerically modeling the trajectory of spheres. The
equations of motion are given as:
Horizontal acceleration of sphere:
(

)√

(

)

(1.1)

Vertical acceleration of sphere:
(

)√

In which the parameters
density respectively.

(1.2)
,

and

are the particle’s cross sectional area, volume and

is the acceleration due to gravity,

is air density and

is the

drag coefficient. Time is represented by t.

The calculated trajectories were compared and validated to actual wind tunnel
experiments. This study involves roof gravel being blown off of a three story building
which gives the gravel an initial height of 10m. Holmes (2004) studied three cases: (a)
neglects turbulence and vertical air resistance, (b) neglects turbulence but includes
vertical air resistance and (c) includes turbulence and vertical air resistance. Values were
calculated at intervals of 0.2 seconds until the particles hit the ground. 8 sample
trajectories were run for case (c) each using a different turbulent velocity time series
generated using an inverse fast Fourier transform.
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The results from Holmes (2004)’s study conclude that vertical air resistance has a
substantial effect on the particle trajectories. Turbulence caused large fluctuations in
accelerations, but the mean values for displacement and flight time were similar to those
values from case (b). Next Holmes et al. (2004) looks at the flight paths of wooden
spheres. The results for this model are very similar to the results of the stone model.
“Neglect of vertical air resistance results in underestimates of the horizontal velocity and
displacement, but overestimates of the vertical velocity at impact” (Holmes, 2004).
Holmes (2004) concludes that vertical drag results in increases for horizontal velocity,
displacement and flight times. Turbulence causes variability in flight paths, but mean
values were similar to those cases where turbulence was neglected.

The wind speeds Holmes (2004) applied in his models came from Wills et al. (2002)’s
article on modeling wind-borne debris damage. The theory and procedure behind the
inverse fast Fourier transform method used in Holmes (2004)’s numerical model is
described in detail in (Holmes, 1978). Holmes et al. (2007) proves that this procedure
“efficiently produces artificial correlated wind velocity records” that can be applied to
numerical solutions such as described in this paper. Certain assumptions must be made
with this procedure such as the power spectra of turbulent fluctuations within the
atmospheric boundary layer.

Lin et al. (2007) expands the research on wind-borne debris by analyzing the trajectories
of plates, spheres, cubes and rods. The particles are representative of roof gravel and
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timber members. This study compares data collected in wind tunnel experiments to the
results of numerical solutions governed by the equations of motion. Lin et al. (2007)
breaks the study of debris flight into three separate units: particle generation, trajectory
and impact. The purpose behind this research is to “study the trajectories in a
deterministic way in order to identify the physical parameters affecting debris impact
speeds and distances traveled” (Lin, 2007). Aerodynamic characteristics of debris flight
are required in order to calculate trajectories. These coefficients are determined by wind
tunnel experimentation. The turbulence intensity in the wind tunnel ranges from 0.5% to
3%. Lin et al. (2007) suggests that in order to obtain reasonable results, one must assume
a steady wind speed uniform with height.

The results show that when compared to plates, rod shaped particles have more variation
in vertical displacement when including drag, lift and rotational moments. On the other
hand, all of the particles, compact, rod and sheets, have similar horizontal displacements.
Lin et al. (2007) concludes that K, which is a measure of the relationship between the
aerodynamic force and gravity force, has a significant effect on the horizontal
displacements. In addition, the results show that cubes travel farther and faster than
spheres. This can be attributed to the cubes being subjected to larger drag forces. In
addition, impact velocity is shown to increase with horizontal displacement. Lin et al.
(2007) uses the collected data to obtain fitted expressions that estimate travel distances
for cubes, spheres and rods.
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Karimpour et al. (2010) studies debris flight in a model atmospheric boundary with
modified versions of Holmes et al. (2004)’s debris flight equations. These equations were
altered to allow for wind velocities that vary with height. Within the atmospheric
boundary layer, the horizontal velocity decreases as the particles fall therefore the drag
force also decreases along the flight path. Karimpour et al. (2010) analyzes the same
scenarios using the same parameters as used in Holmes et al. (2004)’s study. The
atmospheric boundary layer profiles were modified to represent three different terrain
exposure categories: Categories B, C and D. The necessary values for these categories
can be found in ASCE 7-05. The results are based on 10,000 Monte Carlo Simulations
for each category. After analyzing the results, Karimpour et al. (2010) concludes that
horizontal displacement is significantly affected by the particle diameter but the
roughness due to the terrain exposure has little effect. Karimpour et al. (2010) looks
particularly at “two aspects of debris flight: the role of a mean horizontal velocity that
varies with height, and the role of uncertainty in input parameters on model predictions.”
Results show that there is little variation in flight distances for relatively uniform
horizontal velocity profiles. When particle diameter is varied, results show shorter flight
distances. Similar results were found for increases in surface roughness. Multiple
simulations were run with combinations of constant and random input variables.
Karimpour et al. (2010) concludes that surface roughness has minor effects on particle
flight distances and can therefore be neglected. However, variations in particle diameters
can cause fluctuations in flight distances by 3-4%. After analyzing these results,
Karimpour et al. (2010) states that “it clearly indicates that non-linearities in the debris
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flight equations mean that taking average values of input parameters will not necessarily
result in the correct value for the average outputs such as flight distance and impact
kinetic energy.” Karimpour et al. (2010) suggests that debris flight modeling could be
improved by accounting for uncertainties in input parameters such as drag coefficients,
wind speed and particle size. If uncertainties in particle diameters are not accounted for,
results for horizontal displacement will be underestimated. In addition, not accounting for
variations in vertical wind speed can result in overestimating horizontal displacement.
Other uncertainties in debris flight modeling include flight initiation speeds and particle
shapes. Lastly, drag coefficients are measured during steady flow conditions and debris
flight conditions involve variations in turbulence intensities.

1.3.2 Wildfire Specific Models
The mechanics of ember flight is different to debris flight in two key areas. First, the
object is combusting, and second, the ember is initially lofted vertically by a fire plume
prior to being transported horizontally down wind. Coupled lofting – transport models are
reviewed below, while combustion models are reviewed in section 1.4.

An example of an early attempt at predicting maximum spot fire distances for firebrands
is by Albini (1979). The first assumption involves the “occasional or sporadic ‘torching
out’ of individual trees or small groups of trees” which can “provide the mechanism for
the lofting of firebrands that are then carried by the prevailing wind” (Albini, 1979). Type
of terrain, forest cover and wind speed must be known in order to predict maximum spot
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fire distances. The spotting process is broken down into “sub-models” based on physical
processes, empirical formulas and some assumptions. Albini (1979) notes that extreme
cases such as crown fires, fire whirls and high winds are not considered.

The approach to the solution is the assumption that “[a] tree, or a small group of trees,
‘torches out’” where “[t]he flame, and the buoyant plume above it, exist for a brief period
of time” (Albini, 1979). The species, number of trees, height of tree, and diameter at
breast height must be noted. A set of predetermined empirical curves is used to determine
the flame height and duration for a given species of tree. Firebrands are lofted by the flow
field in an assumed still, ambient air, to ensure that a maximum height is reached. To
establish the firebrand’s height as a function of time, a wooden cylinder of a given
diameter and density is analyzed. The cylinder starts at the top of a tree and “travels
vertically until the flame goes out and the flow field collapses” (Albini, 1979). The
burning of the particle is determined by a set of empirical equations. The combustion
model requires that the particle burns out exactly at the moment it reaches the ground,
which allows for the determination of the maximum spotting distance. As “the particle
reaches its maximum height, it is then subjected to the ambient wind field and transported
laterally as it falls” (Albini, 1979). The wind field assumes a logarithmic variation with
height for flat terrain. Other sub-models can be used for different types of terrain and
forest cover, which are important parameters because they strongly affect the wind field.
Once an adjusted wind speed value is determined based on the terrain and forest cover, a
nomograph is used to predict the maximum spot fire distance. Knowing the potential for
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spotting and the maximum spot fire distances can “be useful in prescription writing,
selecting fire control line placement, positioning of ‘spot chasers,’ and similar matters’
which would be an advantage to firefighters (Albini, 1979).

Tarifa et al. (1965) studies the flight paths and lifetimes of wooden firebrands of different
type, size, shape and moisture content. The aerodynamic characteristics of the firebrands
as a function of time and wind speed are obtained through wind tunnel experiments.
From this data, flight paths, burning times and maximum distance traveled can be
calculated. The experiments are conducted in two different wind tunnels. The first facility
“is a suction-intake wind tunnel in which the air speed is controlled by means of lateralair intakes and with a throttle valve” (Tarifa, 1965). The firebrand particles are suspended
from a steel wire and ignited using a butane torch. The weight and drag as functions of
time are recorded using “a two-component strain-gauge balance and with a four channel
pen-recorder Micrograph” (Tarifa, 1965). Changes in the size of the firebrands are
documented by photographs. The second wind tunnel was placed vertically with the
intake section down so that the wind speed could equal the terminal velocity of the
firebrand. In these tests the firebrands are held in place by a horizontal steel wire. As the
firebrands burn, the wind speed is reduced so that “the aerodynamic drag of the firebrand
was kept equal to its weight throughout the combustion process” (Tarifa, 1965). Spherical
and cylindrical particles of pine, oak, aspen, spruce and balsa wood were studied for a
range of moisture contents. Observations show that the firebrand particles tended to
maintain their spherical or cylindrical shape. For low wind speeds, a flame occurred
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initially and then transitioned into a glowing firebrand. For higher wind speeds no
flaming was observed; the entire combustion process occurred under a glowing state.
Results show that weight decreases quite rapidly at first but slows with time. Diameters
are observed to follow a quadratic regression. Experimental values indicate that the
particle velocities in both the horizontal and vertical direction reach their asymptotic
values very rapidly therefore it is assumed that firebrands always fall at their terminal
velocity (Tarifa, 1965).

Convection columns form over well-developed fires and their behavior is determined by
the wind conditions (Tarifa, 1965). In higher winds, the convection column tends to bend
with the wind. From the experimental values obtained in the wind tunnels, a curve for the
fall velocity as a function of time is obtained. This curve allows for the determination of
the distance traveled and the burning out time of the firebrands for any given convection
column (Tarifa, 1965). The lifetime of a particle or the time at which a firebrand
completely burns out can occur in flight or after it reaches the ground. Two different
convection models were studied. The first involved a convection column of constant
speed where the firebrands randomly exited due to turbulence and were immediately
picked up by the prevailing winds. The second model was a bent convection column
where the firebrands exited depending upon their initial position at the base of the
column. It was “observed that if the firebrand leaves the convection column at a critical
height, it reaches a maximum horizontal distance while still burning” (Tarifa, 1965).
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After comparing results, conclusions are that the size, shape and type of wood have
significant influences on the propagation and maximum distance traveled.

Woycheese et al. (1998) studied the lofting of firebrands above large-scale fires. Many
previous studies look at firebrands produced from forest fires, or burning vegetation. This
study involves a burning structure being “represented as an axisymmetric pool fire with a
Baum and McCaffrey plume” (Woycheese, 1998). The plume model is a modified
version of the Baum and McCaffrey model from Baum and McCaffrey (1989) where
there are three separate regions. In Region I there is a continuous flame were the gas
velocity is increased due to combustion. Region II involves periodic patches of flames
but the centerline velocity remains constant. Region III is the non-combusting plume that
decreases in velocity and expands in width due to ambient air entrainment. Due to the
availability of literature on drag coefficients and desired dependence on particle size,
spherical particles are used in the model. Particle density is assumed to remain constant
throughout the flight. Initial velocity and acceleration are assumed to be zero. Woycheese
et al. (1998) first modeled non-burning spherical particles to use as a benchmark for
modeling combusting particles. “A non-burning sphere travels a straight, vertical line”
while “paths of combusting spheres [are] more complex” (Woycheese, 1998).

Woycheese et al. (1998) concludes that “there is a size limit to the size of the loftable
brand.” Spherical particles with larger diameters are determined to have increased
minimum lofting heights due to the fact that “larger particles have a higher terminal
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velocity that can be matched in the plume only at increased height” (Woycheese, 1998).
On the other hand, “smaller particles are lofted from lower heights” and “accelerate more
quickly” (Woycheese, 1998). As particles reach their terminal velocities, the plume
velocity decreases until the drag forces balance the gravity forces. Since the larger
particles have higher terminal velocities, they “will come to rest at a lower height than the
smaller particles” (Woycheese, 1998). In addition, a comparison between particles with
different densities but same diameters show that “the terminal velocity of sphere
decreases with decreasing density” (Woycheese, 1998). Results and analysis show that
the shape of the flight paths is highly dependent on the density of the particles. As the
diameter of the combusting particles decreases, they accelerate faster; therefore they
approach the plume velocity more rapidly. One significant finding “is that there is a
collapse of the large end of the initial brand size distribution so that all brands greater
than a certain diameter have the same burnout height” (Woycheese, 1998).

Power lines are capable of producing metal particles from arcing and firebrands from
contacting trees during high wind events. These burning particles can then be transported
by wind into the surrounding environment and initiate spot fires. The potential of these
particles initiating a fire “depends on the initial formation state of the particle (i.e. size,
temperature, density, etc.) and subsequent flight characteristics (i.e. thermoaerodynamics, flight time etc.)” as well as nature (i.e. type, size, etc.) and state (i.e.
moisture content, humidity age, etc.) of the vegetation” (Tse, 1998). Most previous work
has involved studying ember production during ongoing fires where “the characteristics
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and trajectories of the embers are quite different than those of the present work” (Tse,
1998). The plumes of ongoing fires project the firebrands upwards until they are carried
by the ambient winds. Unlike the firebrands produced from power lines contacting trees,
continuous fires can produce embers that are much larger and are capable of traveling
much farther (Tse, 1998).

The problem that Tse et al. (1998) studied involves molten metal particles that can be
created when cables get close enough to arc. Important parameters include the type of
metal particle produced and its physical and combustion characteristics. In his study, Tse
et al. (1998) looks at cooper and aluminum particles as well as wooden firebrands. All
particles are assumed to follow the same laws when calculating flight paths. In addition,
“any possible asymmetrical combustion produces only a very minor disturbance” (Tse,
1998). Metal particles are assumed to be spherical in shape, which is assumed to be “a
reasonable assumption for small metal droplets” and even though “burning embers can
take on non-spherical shapes, they are also postulated to be spheres” (Tse, 1998). The
model takes into account turbulence due to friction from the terrain because it affects the
velocity profile. Friction from the terrain can reduce the wind speed and cause “turbulent
whirling eddies” but give “a ‘flat terrain’ only horizontal wind components are needed”
(Tse, 1998). In this case, a flat terrain of uncut grass is used.

For “copper power lines, ejected particles most likely emerge molten but not burning”
whereas aluminum power lines produce particles that “burn as a spherical liquid droplet”
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(Tse, 1998). After production, “copper particles cool down by convection and radiation
as they are carried away by the wind” and for the aluminum particles, “the square of the
droplet diameter decreases linearly with time” (Tse, 1998). The burning rate of the
droplets can also be increased by the wind. As for the outcome of the droplets, they can
“either extinguish due to blow-off of the surrounding diffusion flame front, or burn until
all of the metal is consumed or until it is quenched upon striking the ground” (Tse, 1998).
As for wood firebrands, “the particle loses mass via both in-depth pyrolysis and surface
combustion; and it loses volume only from the heterogeneous (glowing) combustion at
the outer surface” (Tse, 1998). The model was run for various particles sizes and wind
speeds. An ejection angle of 45° was used in the model because “a particle ejected at 45°
above the horizon with the wind direction travels the farthest” (Tse, 1998). An ejection
velocity is assumed for the metal particles whereas “burning embers are generated with
no ejection velocity (Tse, 1998).

Results show that “smaller diameter particles travel farther than larger ones…however,
smaller diameter particles land with lower temperatures; and their smaller masses result
in smaller total amounts of heat brought to locations of impact” (Tse, 1998). As expected,
increased wind speeds result in particles traveling farther distances. Although they travel
farther distances, smaller particles are more likely to burn out during flight while larger
particles reach the ground before burning out (Tse, 1998). Results also show that
“[l]arger firebrands land with a higher mass to initial mass ratio than smaller ones” (Tse,
1998). Many parameters can affect the travel distances of particles. It is apparent that
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“[l]arger particles have larger projected areas for wind drag, but at the same time, more
mass to be accelerated” while “lower density particles, e.g. firebrands, with larger
diameters can be carried for longer distances” (Tse, 1998). For example, “copper
particles will cool down as they are carried away by the wind, however, being three times
denser than aluminum, their travel distance will be smaller than that of an aluminum
particle of the same size” (Tse, 1998). The potential for initiating fires upon landing
depends on the size and temperature of the particles.

Woycheese et al. (1999) applies a Baum and McCaffrey Plume Model given by Baum
and McCaffrey (1989) to determine the maximum propagation distance for firebrand
particles. Combustion is assumed to have removed all rough edges to allow the
assumption of smooth disk shaped particles. The firebrands are lofted from a singleplume fire under maximum drag forces and no lift. During propagation, both drag and lift
are taken into account because “[t]he inclusion of lift forces provides greater brand travel
during propagation than can be achieved by spherical or cylindrical brands” (Woycheese,
1999). The model assumes a constant horizontal wind speed that varies with height and a
flat terrain. Initial conditions including size, shape and material properties are
approximated. Large eddy simulations (LES) use firebrand size, shape, mass, drag and
lift coefficients as functions of time in order to calculate spotting distances. The
combustion model assumes firebrand thickness decreases as a “regression rate from
axisymmetric stagnation-point burning” (Woycheese, 1999). A pairing of analytical
equations for lofting and propagation is used to determine the launching height of the
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firebrand particles. Identifying the “point at which the lofting and initial propagation
heights intersect determines the height from which a brand can leave the plume and reach
the ground” (Woycheese, 1999). Once the initial propagation height and thickness are
determined, downwind height, thickness and distance as a function of time can be
calculated (Woycheese, 1999). Distances are calculated using conservation of momentum
laws. Analysis of the results verify that for disk shaped firebrands, the “large propagation
distance is much greater than that for spherical brands, and illustrates the added spotting
danger provided by lift associated with aerodynamic brands” (Woycheese, 1999).

Porterie et al. (2007) uses a weighted small network model to predict the spread of forest
fires. The weighting process is based on the time of thermal degradation and the time of
combustion of the vegetative fuel. Spotting and non-spotting scenarios are studied for
both homogeneous and heterogeneous forest fuels. The influence zone of a burning site
should be modified along with the time of thermal degradation and combustion for each
site, but the type and moisture contents of the fuel does not affect the weighting process
(Porterie, 2007). Parameters such as flame height and angle, slope, fuel type and wind are
varied and the rate of spread of the fire with respect to these varying conditions is
analyzed. The model uses an exponentially decaying distribution law to predict the
change in density of firebrands on the ground with distance (Porterie, 2007). The
determination of the ability of firebrands to ignite new fires is based on the timedependent number of firebrands generated, which depends on the fuel type, and the
probability of ignition which is based on the type and moisture content of the receptive
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fuel bed. The model takes into account the difference in fire spreading for single or
multiple burning sites. The level of heterogeneity of the site affects the fire spread,
spotting ability and burn patterns of a forest fire.

“[T]he eclosion and development of secondary fires and their absorption by the primary
front” were studied for both homogeneous and heterogeneous sites (Porterie, 2007). For
homogeneous media, the model shows that as spotting distance increases the area burning
increases. In addition, the “[l]ong range spotting gives rise to secondary fires that develop
considerably before being absorbed into the primary front” (Porterie, 2007). Under nonspotting conditions the number of burning trees increases linearly whereas spotting
conditions show an exponential increase in the number of trees burning. Results indicate
“that both primary and secondary fires develop more rapidly in homogeneous media”
(Porterie, 2007). Spotting potential is reduced and propagation is significantly slowed
under heterogeneous conditions. The number of firebrands decreases as the degree of
heterogeneity increases. After the fire “unburned ‘islands’ inside the fire perimeter” were
observed for heterogeneous media (Porterie, 2007). When compared to real world
observations of homogeneous systems, the “model satisfactorily reproduces the time
evolution of the fire perimeter and the nonlinear behavior of the ROS [Rate Of Spread] as
wind spend increases” (Porterie, 2007). On the other hand, “heterogeneous systems
shows the complex patterns formed for more realistic situations when the fire and fuel
conditions vary in space” (Porterie, 2007).
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Sardoy et al. (2007) created a model that would predict the transport and combustion of
firebrands from burning trees. The transport of firebrands can play a significant role in
the spread of wildfires; “Dense, short-distance spotting (up to tens of meters from the
main fire front) may occur continuously, while occasionally, isolated spots of groups of
spots may be ignited at longer distances (between hundreds of meters and a few
kilometers)” (Sardoy, 2007). Materials such as bark, pine needles, leaves, cones and
small branches have the potential to be lofted as firebrands while the weather, the
topography, fuel and receptive fuel bed can all affect the process of sporting (Sardoy,
2007).

In his model, Sardoy et al. (2007) uses a three-dimensional buoyant plume from a crown
fire of designated intensity. In the model, firebrands are released from a canopy of
burning trees. Disk shaped firebrands are used in the propagation portion of the model
due to their having the highest risk for long range spotting; wooden cylinders are utilized
in the combustion portion of the model for validation. For the transport by a buoyant
plume, a physics base two-phased gas model is used. The wind field is assumed to be a
constant velocity for each run of the model. This study analyzed two different crown fire
intensities and three wind speeds while varying the firebrands’ diameter, thickness and
density to assess the effect on the model results.

Two processes of propagation can be observed by the model: “the first concerns
firebrands that fall down near the canopy, whereas the second relates to particles that are
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lofted by the buoyant fire plume and land far away from the fire” (Sardoy, 2007). Results
show that firebrands that are lofted by the plume “leave the plume when the gas
temperature recovers the ambient value” (Sardoy, 2007). Four different types of ember
flight were observed: those that burned completely during flight, firebrands that were
either glowing or flaming during impact, and those that were hit the ground with low
temperatures. Results also show that the landing distance decreases as gravitational and
aerodynamic forces increase. In addition, the flight distance was determined not to be
sensitive to the initial particle velocity, because it is quickly encompassed by the flow
conditions of the gas plume. Higher crown fire intensities were observed to have greater
maximum lofted heights of firebrands, but no significant changes in distance traveled.
Conclusions were that “the distance reached by the firebrand varies almost linearly with
wind speed, while it depends very weakly on fire intensity” (Sardoy, 2007).

Several numerical modeling studies have been conducted to examine the propagation of
firebrands. Bhutia et al. (2009)’s paper presents the results of a comparison between a
two-dimensional plume model and three-dimensional coupled fire/atmosphere large-eddy
simulator. Both combusting and non-combusting spherical particle behaviors are studied.
The results show significant differences between the two approaches.

Bhutia at al. (2009) utilizes a simple combustion model for spherical wood particles. The
combustion model accounts for the effect of wind which increases the rate at which the
firebrands burn, causing them to lose mass and volume. The plume is assumed to be “a
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stationary, buoyancy-driven fire burning at a constant rate in a quiescent neutrallystratified ambient atmosphere” (Bhutia, 2009). A surface combustion temperature of
993K is used. A representative sample of particle diameters were chosen by determining
the minimum size of particle that would burn completely before landing and the
maximum size that would have too short of a flight time. From the particle diameters
chosen, a minimum lofting height was determined. As opposed to non-combusting
particles, firebrands gain height at a faster rate due to its loss in mass. The height of the
surface vegetation is taken into account in the model. Bhutia at al. (2009) concludes from
the model that non-combusting particles travel a greater distance than the firebrands. The
combustion of a particle has a significant impact on the distance it will travel. In addition,
Bhutia determines that lofting height and distance traveled are sensitive to the particle
diameter. Smaller particles travel greater distances and gain heights at a faster rate.

Bhutia at al. (2009) describes that the coupled wildfire-atmosphere wind field accounts
for the interaction of the fire plume with the Atmospheric Boundary Layer as opposed to
the two-dimensional plume model, described above, which deals separately with lofting,
propagation and deposition. The same material properties and combustion characteristics
used in the plume model are used in this coupled model. The results of this model show
that higher release heights result in farther distances traveled. In addition, Bhutia et al.
(2009)’s figures for the coupled model show that particles released at lower heights have
more of a parabolic trajectory while particles released at greater heights have waves in
the trajectory paths resulting in longer flight times. Turbulence in the atmospheric
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boundary layer coupled with the fire plume causes particles to stray from the typical
parabolic trajectories. This causes a substantial scatter in the downwind debris field
making it that much harder to predict where firebrands will land. The coupled wildfireatmosphere model shows that non-combusting particles travel much further than the
particles from the two-dimensional plume model. This proves that the plume model does
not predict the worst case scenario. When examining combusting particles, the results
show that the combusting particles fall faster therefore travel shorter distances than the
non-combusting particles. The flight paths and downwind scatter appear to be unaffected
by changes in initial momentum. Bhutia et al. (2009) concludes that “particle motion is
governed mainly by fire-induced winds and flow turbulence, irrespective of the initial
particle momentum.”

Firebrands are not spherical in shape and have other forces that should be accounted for
such as rotation, drag and lift. In Bhutia et al. (2009)’s study, spherical particles are used
as a simplification. Bhutia et al. (2009) suggests that future work should examine
particles with more realistic geometry such as cylindrical or disk-shaped particles.
Because combustion has such significant impacts on the flight paths of the particles, it is
also suggested that “a combustion model appropriate to mass-loss and size-regression
rates for non-spherical firebrands” should be used (Bhutia, 2009).

Understanding the behavior of firebrands under different conditions is essential in
predicting the distances from the fire front at which spot fires can occur. Kim et al.
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(2009) uses a three dimensional physics-based model to analyze the trajectories or
cylindrical and disk shaped firebrands lofted from a crown fire. The analysis involves
varying wind speed, turbulence intensities, and crown fire intensity. Kim et al (2009)
breaks the problem into three distinct processes: “the generation from vegetation and
structures, subsequent transport through the atmosphere, and the ultimate ignition of fuels
after firebrand impingement.”

Atmospheric conditions such as temperature and humidity are taken into account. Initial
boundary conditions are determined for the gas-phase model. The model assumes a
“uniform flat terrain” and the firebrand scatter is approximated using a Lagrangian
approach (Kim, 2009). The model also takes into account the fact that the firebrand
particles undergo pyrolysis and char oxidation, losing both mass and volume. Trajectories
at two different wind speeds and temperature contours “provide a visualization of the fire
plume” (Kim, 2009). Kim et al. (2009) concludes that the cylinder shaped firebrands
travel farther than the disk shaped firebrands under both wind conditions. Results show
that “distance reached by the firebrand varies almost linearly with wind speed, while it
depends very weakly on fire intensity…and the diameters of the firebrands” (Kim, 2009).

1.4 Combustion models
Generation and propagation of firebrands can be altered depending upon the size, type,
arrangement, and moisture content of the fuel source (Porterie, 2007). Firebrands are
typically odd in shape, but models often estimate them as cylindrical, spherical, or disk
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shaped. Among the factors that can affect the transport or firebrands is the source
material

of

the

firebrands,

temperature,

energy

content

at

landing,

and

smoldering/flaming condition (Fernandez-Pello, 2009). These factors are important
because they can determine the potential for the firebrands to ignite any receptive fuel
beds. To be able to model the transport and predict maximum spotting distances of
firebrands, several physical processes must be studied: aerodynamic behavior of
firebrands, combustion in wind, the flame and plume structure for lofting analysis, and
the wind field (Koo, 2010). Combusting firebrands undergo pyrolysis and/or char
oxidation, depending upon the characteristics of the firebrand and the prevailing wind
conditions. Pyrolysis is defined as “the release of combustible volatiles from a solid fuel
undergoing rapid heating” (Bellais, 2003). The gases released form a combustible layer
around the particle. This type of flaming ignition typically occurs when the particle is
subjected to high heat fluxes (Boonmee, 2002). Pyrolysis leaves a residual char on the
surface of the firebrand particle (Boonmee, 2002). The particle then reacts with the
oxygen of the ambient air flow causing char oxidation to occur, which ultimately leads to
a glowing ember (Boonmee, 2005). This type of ignition typically occurs from a low
incident heat flux (Boonmee, 2002). Depending on firebrand properties such as mass,
density, diameter, in addition to the ambient conditions, firebrands can either burnout
completely during flight, land in a flaming state, or land under charring conditions.
Firebrand temperatures vary with each condition. Utilizing the combustion model given
by Bhutia et al. (2009), the time rate of change of the temperature of a combusting
wooden sphere is given by:

32

[ ̅(

)

(

)]

(1.3)

Where ̅ is the average heat transfer coefficient.

and

are the particle temperature

and ambient temperature respectively. The mass loss rate is described in terms of the
decrease in effective mass diameter and is given by:
(1.4)
Where

is the burning rate constant, Re is the Reynolds Number and Sc is the Schmidt

Number. Using the effective particle diameter, which is a function of the burning rate
constant, we can determine the particle mass at any given time. The equation for the mass
of a particle as a function of time is given by:
(1.5)
Therefore,
̇

(1.6)

The change in particle diameter over time is calculated using the following from Bhutia
(2009):
√

(1.7)

1.5 Spot Fire Ignition
The loss of structures in wildland/urban interface fires is on the rise as the presences of
structures in these areas increases. Tran et al. (1992) utilizes a Structure Ignition
Assessment Model (SIAM) to assess the risk of structures that exist within the
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wildland/urban interface areas. The SIAM model is composed of three modules: “(a) a
fire behavior module, (b) a heat transfer module, and (c) a structure response module”
(Tran 1992). The model predicts the susceptibility of structures to ignition under radiative
heat transfer, ignition from flame impingement, and ignition from burning firebrands.
The experiments used as a basis to develop the model were completed using piloted
ignitions as described by the ASTM E 176 standards.

The SIAM model assumes that the fire approaches each side of the house at a rate
dependent upon the fuel type. “Radiation from the flame is calculated as a function of
flame height, depth, and distance to the structure” (Tran 1992). Even under the most
extreme cases, “the radiative heat flux only becomes significant at a distance of 14m, and
the integral of flux history is barely adequate to ignite” the material (Tran, 1992).
To assess the risk of structures to ignition from flame impingement, a set of laboratory
experiments were performed. Wall sections were subjected to the flame from a propane
burner. The goal of these experiments was to characterize the ignitability and rate of heat
release for the siding material (Tran, 1992). “Ignition time as a function of flux” was
determined for the material and experiments showed that “[i]gnitability data seem to be
apparatus dependent (Tran, 1992). Four tests were performed and the ignition and
subsequent activity were observed. Tests 1 and 2 involved a 40kW flame exposure for 10
minutes where tests 3 and 4 involved a 160kW flame exposure for 2 minutes. Tests show
that the walls will ignite from flame impingement if exposed to the flame for a sufficient
length of time (Tran, 1992). In all cases, the walls self-extinguished after the burner was
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removed. After the flame was extinguished, the walls were subjected to forced air flow to
observe any smoldering or kindling effects (Tran, 1992). After the flame was
extinguished, smoldering was observed and rekindling of the flame would occur if
exposed to wind for Tests 1 and 2. Tests 3 and 4 did not continue to smolder or burn with
the addition of the wind. Tran et al. (1992) concludes that “the duration of the flame
impingement may be the dominant factor for continued burning” and “wind-aided
smoldering plays a significant role in continuation of fire spread and should be further
investigated.”

Real world observations have led to the belief “that ignition by burning debris plays a
very important role in the ignition of structures” (Tran, 1992). Due to the “lack of
understanding in this area, plus the random nature of brand transport” the SIAM model
“assumes that brands are generated mainly as a function of the fuels and that they will be
present everywhere” (Tran, 1992). The model accounts for the susceptibility of materials
to firebrand ignition in addition to the generation of firebrands but “more laboratory and
field tests are needed to fill the knowledge gaps before some reliable method to assess
hazards can be derived” (Tran, 1992). The SIAM model suggests that structure ignition to
radiative heat transfer required very large fires whereas field observations proved that
structures can burn from much smaller fires. “This observation reinforces the significance
of ignition modes other than through flame radiation” (Tran, 1992). Flame impingement
was shown to be a plausible mode of ignition, and field observations show the same for
burning firebrands.
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In addition to the real scale experiments of burning vegetation, Manzello et al. (2006)
performed a series of reduced scale experiments to analyze single firebrand ignition
capabilities. These experiments consisted of machine constructed firebrands that were
cylindrical in shape. The sizes constructed were determined from size distributions
determined from previous experiments with the Douglas-Fir trees. The firebrands were
clamped into place and ignited using a butane burner. The firebrands were analyzed
under several wind conditions including no air flow. The ignition, flaming, and glowing
processes were analyzed. Materials that are susceptible to ignition were chosen to
represent likely conditions on an average home during the event of firebrand exposure.
For example, “pine needle beds [were] designed to simulate the showering of firebrands
into gutters Shredded paper beds were used to simulate firebrand impact upon materials
within attic spaces. Shredded hardwood mulch beds were used to simulate the collection
of firebrands on mulch outside homes and structures” (Manzello, 2008). All moisture was
removed from the materials by oven drying. The firebrands were ignited, allowed to free
burn, then released onto the fuel beds under flaming and glowing conditions. Both
conditions were analyzed and compared to determine the likeliness of ignition. The
temperature during the experiments was maintained at 21°C because ambient conditions
are known to affect the ignitability of fuel beds (Hughes and Jones, 1994).

Results show “that single glowing firebrands posed an ignition danger only to shredded
paper beds” (Manzello, 2006). On the other hand, ignition was observed under exposure
to multiple glowing firebrands. Larger firebrand sizes, increased numbers, as well as
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increased air flow all amplified the likelihood of ignition. However, further experiments
showed that “The contact glowing surface area of firebrands is an important parameter to
determine ignition of fuel beds, not the overall mass deposited” (Manzello, 2006).
Flaming brands were shown to ignite pine needle and shredded paper beds. “These results
suggest that if the firebrands are in flaming mode, only a single firebrand is required to
begin an ignition event for these materials” (Manzello, 2006). In addition, Manzello et al.
(2006) concluded that hardwood mulch would only ignite under dry conditions from
flaming firebrands.

These results “suggest that it may not require a large number of firebrands to ignite a
home, provided that the firebrands are able to penetrate into attic spaces” therefore “the
total number of firebrands is clearly an important parameter which must be considered”
(Manzello, 2006). In addition, Manzello et al. (2006) concludes that firebrand size and air
flow can vary the ignitability of the fuel beds.

Sardoy et al. (2008) conducts a study on the ground-level distribution of firebrands
produced from line fires and the potential they have to ignite receptive fuel beds. Disk
shaped firebrands are analyzed for a range of fire intensities and wind speeds. All
firebrands are assumed to be released from the top of the tree canopy, which is also
assumed to be the base of the fire plume. Initial location and properties were randomly
generated. Initial velocities ranged anywhere from zero to the velocity of the gas.
Scenarios where firebrands were subject to pyrolysis and/or char oxidation were studied.
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In order to determine their ability to ignite fuel beds, factors such as “state of combustion,
remaining mass, and temperature” must be predicted. The model Sardoy et al. (2008)
created involves a buoyant line plume that releases firebrands into a cross-wind. The
wind profile is assumed to behave as a power law function and temperature is assumed to
change with height. The model takes into account the translation and rotation of the disk
shaped particles by solving the kinematic and angular conservation of momentum
equations (Sardoy, 2008).

Particles can land either under pyrolysis, where their temperatures are elevated, or in a
charring state, where they are subjected to cooling by the atmosphere; otherwise they
burn completely in air before landing. The burning parameter determines if the firebrands
will burn completely before they hit the ground (Sardoy, 2008). Different types of wood
have different char contents, vc; Char contents are found to play a role in the transport of
the firebrands (Sardoy, 2008). The char content determines whether the distribution of
firebrands will exhibit single or bimodal behavior. The model results confirmed “a
bimodal ground-level distribution of the released firebrands when both pyrolysis and char
oxidation are present in the firebrand” (Sardoy, 2008). The first mode of the bimodal
behavior encompassed the “short distance” firebrands which impacted the ground in a
flaming state. The second mode of the bimodal behavior involved the “long distance”
firebrands which impacted the ground under a charring state. The “short distance”
firebrands have a higher potential to ignite spot fires due to their flaming state and high
temperatures as well as higher masses at landing. Although the “long distance” firebrands
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land in a charring state, they still have a potential to ignite sport fires; but due to their
having lower temperatures, the spotting potential is not as great as the “short distance”
firebrands. The separation distance between the short and long distance firebrands
depends linearly on the char content (Sardoy, 2008).

Sardoy et al. (2008) concludes that “vc depends on the type of wood, and consequently
the characteristics of fire spotting depend not only on fire and environment characteristics
but also on vegetation type.” The results of the model are confirmed by comparison to
experimental observations “which reported that the ground-level distribution reaches a
maximum near the fire front and that this maximum is followed by an exponential
decrease” (Sardoy, 2008).

1.6 Experimental Results
Manzello et al. (2008a) used a firebrand generator to produce firebrands representative of
those that would be produced from burning vegetation. The generator produces a
controlled mass and size distribution of firebrands. The material used in this experiment
is mulch that was produced from a 4 meter Douglas-fir tree. The experiment involves a
continuous flow of firebrands for 6 minutes. A series of water-filled collection pans are
assembled downwind of the generator to collect the firebrands. This allows for the
collected firebrands to be dried, weighed and measured. The goal is to produce firebrands
that are representative of actual firebrands produced from burning vegetation. The mass
and size distributions used as a comparison for actual firebrands produced from burning
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vegetation originates from the experiments conducted by Manzello et al. (2007a) as
described above. “Accordingly, the input conditions for the firebrand generator were
intentionally selected to produce firebrands with mass classes” typical of those presented
in the results from Manzello et al. (2007a)’s study (Manzello, 2008a). Manzello et al.
(2008a) compared the results of the firebrands produced by the generator from the
Douglas-fir tree mulch to the data collected for the burning Douglas-fir trees as well as a
Korean Pine tree. The comparison validates that the generator produces representative
samples of firebrands.

Manzello et al. (2008b) studies the vulnerability of structures to ignition from a firebrand
attack. The firebrands in this study are produced using a firebrand generator. The size and
mass distribution of the firebrands produced are determined from Manzello’s previous
studies on Firebrands produced from burning vegetation. The goal of this study was to
develop and understanding of the behavior of certain materials and the vulnerable points
of a structure when subjected to firebrands so as to improve building codes and
construction methods for new home construction in fire prone areas (Manzello, 2008b).
Douglas-Fir tree mulch is the fuel used in this study and was dried prior to testing.
Screens are used during the process of loading the material into the generator to filter out
the larger pieces. The firebrand generator is powered by a gasoline electric generator and
propane burners were used to ignite the fuel. The time to ignition and initiation of the fan
as well as the fan speed were carefully selected so as to produce a continuous flow of
glowing firebrands for roughly 6 minutes (Manzello, 2008b). The firebrands produced

40

were collected in an arrangement of water filled pans. The firebrands were dried and
measured. The data collected was compared to that of the firebrands produced from
burning vegetation for validation.

A series of tests were then performed to determine the possibility of ignition from
firebrands for different roofing materials under a forced wind flow. Full scale roof
sections were installed on a mounting assembly at a critical angle determined from prior
testing. The roof was comprised of several sections to assist in the drying process. Once
dried, the roof sections were assembled on the frame. Initially, sections of oriented strand
board (OSB), a common base layer in roof construction, were tested. Testing shows that
at the critical angle, “firebrands were observed to collect inside the channel of the OSB
crevice” first producing smoldering ignition and eventually forming holes in the OSB
(Manzello, 2008b). The smoldering eventually transitioned into flaming ignition.
Subsequent tests analyzed the OSB at larger angles. Tests show that with an increase in
angle, transition to flames is no longer observed. As the angle continues to increase,
ignition is no longer possible (Manzello, 2008b). Manzello et al. (2008b) concludes from
these tests that “[t]he arrangement of deposited firebrands greatly affected the net heat
flux to the OSB surface” and for “a tighter angle, it is easier for the glowing firebrands to
stack together.” An important note to take away from this is that although OSB is not a
surface material in roof construction, “roofs in a state of ill repair may easily have base
layer materials such as OSB exposed to the elements” which can be a vulnerable point in
the case of a firebrand attack (Manzello, 2008b).
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The next series of tests analyzed the vulnerabilities of roof valleys. For these tests, tar
paper and asphalt shingles were added. The roof valleys were constructed and analyzed at
the same angles as for the OSB testing. Firebrands were observed to collect in the crevice
as well as the seams of the shingles. Although no ignition was observed, melting of the
shingles did occur. Similar to the OSB tests, as the angle of the valley increase, fewer
firebrands collected in the crevice. It should be noted that “the shingles used were new
and care was taken to seal each row of shingles” whereas in older roofs “aged shingles
would not be expected to perform as well as new shingles since they would not be
expected to be sealed well along the seams due to the weathering process” (Manzello,
2008b). In addition, the shingles in these tests were not preheated, whereas shingles in
actual fires would be pre-heated by solar radiation (Manzello, 2008b). These tests
“clearly indicate that firebrands can melt new, cold, asphalt shingles” therefore the risk of
aged shingles is much higher because of their susceptibility to firebrand penetration in the
seams; Penetration would eventually reach the OSB which was found to ignite relatively
easily (Manzello, 2008b).

The next series of tests assessed the vulnerabilities of a roof with a gutter attached. Dried
pine needles were placed in the gutter. Results show that “firebrands that were deposited
inside the getter produced smoldering ignition inside the gutter” (Manzello, 2008b).
Smoldering ignition led to flaming ignition which melted the asphalt shingles, but the
flame did not spread up the roof (Manzello, 2008b). The objective of these experiments
was to demonstrate the danger from not cleaning out your gutters.
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1.7 Thesis Outline
The remainder of the thesis is structured as follows. Chapter 2 describes the development
of the flight model including the assumptions made and the parameters considered. In
Chapter 3 there is a description of the ember flight experiments that were performed
including the location, equipment, procedure, and data collection. The model predictions
are compared to the experimental results in Chapter 4, along with detailed results of a
parameter sensitivity study. Conclusions are drawn in Chapter 5.
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CHAPTER TWO
MODEL DEVELOPMENT
The goal of this model is to predict the flight distances for embers in order to better
predict the potential for downwind spot fires to occur. The ember flight problem is
investigated through a series of Monte Carlo Simulations based on the debris flight
equations by Holmes (2004). The flight equations are coupled with a combustion model
to more accurately predict the flight and behavior of an ember. There are a number of
uncertainties that are involved in modeling ember flight. Current models do not account
for uncertainty and variability of input parameters. The model predicts the horizontal
distance the ember has traveled once it reaches the ground with respect to its release
height. The model also estimates the ember’s changing characteristics (e.g. effective
diameter, temperature) with respect to time as it travels downwind. Introducing
uncertainty and variability in input parameters leads to variability in the model outcomes.
The extent of the outcome variability and its relationship to the variability of the input
parameters are quantified through the model simulations. The role of input uncertainty is
investigated through a comparison to experimental results from a wind tunnel test
conducted at the IBHS wind tunnel facility in Richburg, SC. A sensitivity analysis is
performed to determine which parameters have the greatest effect on the model output.
The rest of this chapter is structured as follows: Section 2.1 introduces the flight
equations. Section 2.2 discusses the combustion model and assumptions made. Section
2.3 describes the fuel properties and input parameters for the model. Section 2.4 describes
the solution procedure to the model. Section 2.5 provides a sample of the model output.

44

2.1 Flight equations
Existing debris flight models are based on Newtonian mechanics. The models consist of a
set of equations of motion for a given particle in which the forces acting include the
gravitational body force FW, drag FD and lift FL forces. A diagram of these forces is
shown in Figure 2.1. A set of wind-borne debris flight equations from Holmes (2004) is
adopted and modified for the purpose of this study. Holmes (2004), wrote the equations
of motion for the vertical ( ) and horizontal ( ) accelerations in terms of the mean
horizontal wind speed,

and the horizontal,

and vertical,

components of the

particle velocity. Accounting for both vertical and horizontal drag leads to a set of
coupled second order ordinary differential equations for the horizontal acceleration of
sphere:
√

(2.1)

and vertical acceleration of sphere:
(
The parameters
respectively.

)√
,

and

(2.2)
are particle’s cross sectional area, volume and density

is the acceleration due to gravity,

coefficient. Time is represented by t.

45

is air density and

is the drag

Figure 2.1: Schematic of drag

, lift

and weight

forces acting on flying debris

In Figure 2.1, the forces acting on the flying particle are shown in bold, while the
horizontal and vertical velocities are shown with dashed lines.

The addition of accounting for turbulent fluctuations in the atmospheric boundary layer
and three-dimensional motions such as rotation can significantly increase the
sophistication of debris flight models. Modeling debris flight is a stochastic process,
although many debris flight models have constant parameter inputs. One exception is
Holmes (2004), who accounts for vertical and horizontal velocity fluctuations due to
atmospheric turbulence. As given by Holmes (2004), the horizontal turbulence intensity
can be determined from

⁄ ̅ and vertical turbulence is determined by
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⁄ ̅,

where

and

are the standard deviation of the horizontal and vertical turbulent

fluctuations of wind velocity, respectively. In this particular study, turbulent fluctuations
in wind velocity are considered negligible as the turbulence intensity at the experimental
facility was very small. Particle mass and diameter typically follow some probability
distribution function and turbulent fluctuations in wind velocities cause variations in the
particle flight distance. The debris flight phenomenon is not deterministic; therefore,
there is a statistical uncertainty in the range of input parameters that results in uncertainty
in the model output. The purpose of this study is to investigate the role of input
uncertainty through a series Monte Carlo Simulations based on the debris flight equations
of Holmes (2004).

In particular, the sensitivity of the ground level ember mass

distribution to the statistical distribution of particle mass, angle of release, initial particle
velocity, and wind speed will be investigated.

2.2 Combustion model
Although numerous combustion models have been formulated in an attempt to more
accurately predict the flight paths of firebrands, this study will utilize the simple
combustion model adopted by Bhutia (2009). It was assumed by Woycheese et al. (1999),
prior to lofting, “combustion will have removed corners and other sharp edges, so that
lofted brands can be approximated as spheres, disks, or cylinders.” In this particular
study, spherical particles will be analyzed.
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The particle loses heat and cools during its flight due to convection and radiation. The
convective heat flux loss is given as
̅(
̇
where

)

and

(2.3)

are the particle temperature and ambient temperature respectively. The

average heat transfer coefficient ̅ is calculated by:
̅

̅̅̅̅

(2.4)

and the average Nusselt Number is given by:
̅̅̅̅

(2.5)

The Prandtl Number, Pr, is the ratio of the kinematic viscosity to the thermal diffusivity.
A Prandtl Number value for air of 0.706 at 40°C will be used as for wood burning in the
air over a house fire (Woycheese, 1998). The radiant heat flux loss is given as
̇
Where

(

)

(2.6)

is the Stefan Boltzmann constant. Heat is also added to the ember due to heat

release from combustion. The heat gain rate is given by the mass loss rate, ̇ , multiplied
by the latent heat of combustion,

. The time rate of change of temperature for a

particle can be therefore be calculated by:
̇

where

̇

̇

(2.7)

is the surface area of a sphere. Therefore, the time rate of change of the

temperature of a combusting wooden sphere is given by:
̇

[ ̅(

)

(

)]

(2.8)
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In this case the heat of combustion,

, will be taken as 20 MJ/Kg (Bhutia, 2009). The

mass loss rate is described in terms of the decrease in effective mass diameter and is
given by:
(2.9)
Where

is the burning rate constant, Re is the Reynolds Number and Sc is the Schmidt

Number. As used by Tse and Fernandez-Pello (1998), this study will utilize an average
burning rate constant of

=4.8x10-7 m2/s for wood burning at 993K, typical of a burning

firebrand temperature in a forced air flow (Bhutia, 2009). The Schmidt Number is
analogous to the Prandtl Number and is defined as the ratio of the kinematic viscosity to
the mass transfer diffusion coefficient. Here we will use Sc = 0.7 for air (Bhutia, 2009).
The Reynolds number is given by:
⃗⃗⃗⃗

(2.10)

The variable ⃗⃗⃗ represents the relative velocity between the firebrand and the velocity of
the ambient air flow.
⃗⃗⃗

(

)

(2.11)

The drag coefficient is a function of the Reynolds Number. As discussed by Bhutia
(2009), there have been numerous studies on determining drag coefficients for smooth
spherical particles. Woycheese (1998) determined that Cd=0.45 is a good approximation
for a range of Reynolds Numbers between 1.2 x 104 and 2.6 x 105. For this study, a Cd
value of 0.45 will be used.
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The burning rate of the firebrand particle is increased due to the effects of wind. Using
the effective particle diameter, which is a function of the burning rate constant, we can
determine the particle mass at any given time. The equation for the mass of a particle as a
function of time is given by:
(2.12)
Therefore,
̇

(2.13)

For this study, the density of the particle is assumed to remain constant throughout the
flight. The initial particle diameter is determined from the initial particle mass. The crosssectional area and initial mass of a spherical particle are given by

and

respectively. The initial particle mass is given by randomly generated values of a
lognormal distribution function obtained from experimental data. The particle diameter is
then calculated from a randomly generated mass. A lognormal mass distribution is
justified from data analysis of firebrands produced from burning vegetation (Manzello,
2007b). Figure 2.2 is a histogram of the collected mass data on a log scale. The shape of
the data suggests that, as a first approximation, the mass has a lognormal distribution.
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Figure 2.2: Mass histogram for data collected from burning vegetation (data from
Manzello et al. (2007b))

The change in particle diameter over time is calculated using the following from Bhutia
(2009):
√

(2.14)

There are actually two types of combustion, pyrolysis and charring combustion. Pyrolysis
is due to volatile chemicals evaporating out of the wood structure and combusting
whereas charring is the oxidation of the remaining charcoal. As pyrolysis involves a
phase change it occurs at a constant temperature. Therefore, the only time that (2.8)
should be used is once pyrolysis has ended and only char oxidation is occurring. Equation
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2.8 was solved continuously in the simulations for this study which strictly implies that
only char oxidation is occurring and the initial release into the wind field occurs at the
instant pyrolysis ceases. However, analysis of the simulation results suggests that the
percentage change in mass over the flight times observed in the wind tunnel is negligible
and, although the combustion model is run, it has virtually no impact on the simulation
results.

2.3 Model Solution Procedure
The debris flight equations of Holmes (2004) (equations 2.1 and 2.2) were solved
numerically by developing a code with MATLAB. For each simulation, the particle
diameter was calculated from the particle mass which was randomly generated using the
MATLAB random number generation function. The exact distribution function for the
embers at the moment they are released is not known. The mass range was based on data
from the collected embers. For the simulations presented in this paper the particle mass
mp, was taken to have a lognormal distribution with location (μ) and scale (σ) values
obtained from the collected embers. The equation for a lognormal distribution is:
(

)

(2.15)

√

Figure 2.3 depicts a typical log normal distribution plot:
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Figure 2.3: Typical log normal mass distribution plot

A series of Monte Carlo simulations were run to examine the effects of variability in
launch angle θ, standard deviation of the launch angle σθ, launch speed U0, wind speed
Ua, and the size distribution of the embers. The variability of each input parameter was
analyzed individually in separate simulations. For each simulation, a set of random input
variables were generated using the MATLAB random number generator function. Once
the flight path had been calculated, the horizontal distance and change in ember
properties with time (diameter and temperature) were calculated using cubic spline
interpolation for each given vertical displacement or release height. For each simulation,
50,000 random input sets were generated and solved. See Karimpour & Kaye (accepted)
for more details on the simulation procedure. A sample of the results from the model
simulations is presented and discussed below.
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2.4 Sample Output
Figure 2.4 shows a sample of the model output. The data shown in Figure 2.3 represents
the mass fraction of embers collected at each distance downwind of the release point
which in this case is from a height of 3.35m (11ft). This release height was used as a
reference case for the sensitivity analysis discussed in Chapter 4. For this case, the input
parameters were as follows: launch velocity (U0) =7.5m/s, wind velocity (Ua) =8.94m/s,
launch angle (θ) =45°, standard deviation of launch angle (σθ) =10°, and the location (μ)
= -3.2811 and scale (σ) = 0.94289 for the ember mass distribution. The model input for
the launch angle was obtained from experimental observation and was determined to
range within + or – 10° on either side of the centerline of the cone of embers produced. A
more detailed discussion on how these input parameters were obtained can be found in
Chapter 4. This provided a reference case for comparing the impact of input variability
on both the mean and standard deviation of the flight distance.
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Figure 2.4: Mass fraction of embers at given distances downwind for a release height of
11ft

The center of mass and standard deviation for the presented data were calculated and
used as a reference case for the input parameter sensitivity analysis. Further analysis of
the simulation results, parameter sensitivity analysis, and comparisons with experimental
data will be discussed in Chapter 4.

The mass distribution that results from 50,000 simulations is not particularly smooth,
whereas, Karimpour and Kaye (accepted) achieved very smooth distribution functions
with only 10,000 simulations per case. A discussion of possible reasons for this
unevenness is discussed in Chapters 4 and 5.
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CHAPTER THREE
EXPERIMENTAL SET-UP AND PROCEDURES
The experiments were performed in the wind tunnel of the Institute for Business Home
and Safety (IBHS) Research Facility located in Chester County, SC (Figure 3.1). The
facility’s test chamber is 21,000 square feet and is capable of drawing 30 megawatts of
power to produce Category 3 Hurricane force winds from its 105 fans. Each fan is 5 ½
feet in diameter with a 350 horsepower motor.

Figure 3.1: Institute for Business Home and Safety (IBHS) Research Facility located in
Chester County, SC (Photo courtesy of IBHS)

The experiments performed in this wind tunnel involved the collection, measurement,
and analysis of embers produced from ember generators. The purpose of these
experiments and the data collected was to provide the input conditions for an ember flight
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model and a way to compare and verify the model predictions. Section 3.1 defines the
wind field produced during the wind tunnel testing. Section 3.2 describes the set-up and
operation of the ember generators. Section 3.3 discusses the characteristics of the ember
fuel source. Section 3.4 explains the data collection and Section 3.5 discusses the data
analysis and provides a sample of the experimental data.

3.1 Wind Field
An analysis was performed to determine the values necessary to replicate the wind field
and ambient conditions produced in the tunnel. Ambient air conditions are known and
were recorded for the time of the experiment. These conditions are used in the model
computations. The ambient air temperature during the time of testing was 68°F (20°C).
To determine the turbulence intensity values for the model input, a series of test were run.
For a constant flow field of 8.94m/s (20 mph), the 10 minute average turbulence intensity
was 0.014. The vertical wind profile was nearly constant with height. This data was
obtained using an RM Young Wind Monitor sampling at a 10 Hertz resolution. The
turbulence values were measured at a height of 18ft in front of the middle fan tower. It
was shown by Karimpour and Kaye (accepted) that the particle flight distance in a
turbulent wind field is the same as the particle flight distance in a steady wind field with
velocity
̂

̅√
(3.1)
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where ̅ is the mean wind speed and

is the horizontal turbulence intensity. For an

intensity of 0.014 this means that the adjusted mean wind speed would be ̂

̅.

Therefore, the turbulence intensity was small enough that turbulent fluctuations could be
ignored.

Figure 3.2: Fan column outlets coming into the wind tunnel
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3.2 Firebrand Generators
A set of firebrand generators, also known as dragons, were constructed as a part of the
Wildfire Ignition Resistant Home Design Program (WIRHD). They were anchored, and
centered in front of the fan columns of the wind tunnel in order to produce firebrands that
were released directly into the wind stream. The generators were composed of a burn
box, fuel loading compartments, and three stacks extending to three different heights: 6ft,
11ft and 21ft above the floor. A close up photograph of the burn box, fuel loading
compartments and the base of the stacks in shown in Figure 3.3.

3 Stacks
3 Fuel loading
compartments

Burn Box
Figure 3.3: Ember generator burn box and fuel compartments
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Each stack was 6 inches in diameter. The top of the stacks were angled so that the
centerline of the firebrand plume was at 45 degrees to the horizontal. A photograph of
one generator in operation is shown in Figure 3.4 while Figure 3.5 shows the full set of 5
ember generators producing an ember storm.
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Figure 3.4: Single generator in operation
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Figure 3.5: Full set of all five generators in operation

The set of five ember generators was used to create a full ember storm in order to
completely envelope an average home for the purpose of home ignition studies. This
thesis specifically deals with the results of data collected from a single ember generator
as shown in Figure 3.4
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3.3 Ember Fuel Source
The material used to produce the firebrands was a mixture of wooden dowel rods as well
as equal parts of pine bark and wood chip mulch. The objective for using this material
was to obtain firebrands that were comparable in size and mass to those collected in
previous experiments of firebrands produced from burning vegetation (Manzello, 2008a).
The material was housed in a drying room prior to testing to obtain minimal moisture
contents therefore allowing maximum burning potential. Although the dowel rods were
dried and treated prior to delivery to the test facility, it took much longer for the shredded
mulch to reach a moisture content of less than 20%. The target residence time for drying
the material was a minimum of 96 hours. The drying room was maintained at
temperatures between 85 and 90 degrees Fahrenheit with a relative humidity of 15-25%.
Sample moisture contents were taken from each batch prior to testing. Although the
values were highly variable, the moisture contents typically ranged anywhere from 8 to
18%. The dowel rods typically had a moisture content of less than 6%.

To begin the testing, the firebrand generators were loaded with approximately 0.1 cubic
meters (~3.6 cubic feet) of material. This material consisted of about 0.007 cubic meters
(~0.25 cubic feet) of wooden dowel rods and the rest was made up of equal parts of pine
bark and wood chip mulch. There were three sizes of dowel rods: 12.7x38.1mm
(0.5x1.5in), 9.53x38.1mm (0.375x1.5in) and 6.35x38.1mm (0.25x1.5in). Roughly 275
grams of each size of dowel rods made up the 0.25 cubic feet of input material. A sample
of the material input into each generator is shown in Figures 3.6a and 3.6b.
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Figure 3.6a: Sample of pine bark and wood chip mulch mix input
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Figure 3.6b: Sample of dowel rod input

The fuel was ignited using a propane burner located in the bottom of each generator.
Once the material in the generators had ignited, it was allowed to free burn. The time to
free burn varied depending upon the burn characteristics of each particular batch of fuel.
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The generator fans were then activated and the firebrands were lofted into the wind
stream. The firebrands exited the generators through stacks at three different release
heights: 6ft, 11ft and 21ft. A photograph of the firebrand generator depicting the three
release points can be seen in Figure 3.7. Once the firebrands were released into the wind
stream, they were picked up by an 8.94m/s (20mph) wind produced by the wind tunnel
fans. The tests usually lasted between 15 and 20 minutes before the fuel was expended.
Again, the testing time depended on the burn characteristics of each particular batch of
fuel.
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Ember release heights:

21ft

11ft

6ft

Figure 3.7: Ember Generator’s three release points
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3.4 Data Collection
The collecting of the firebrands was performed using an arrangement of pans downwind
of the firebrand generators. The collection pans were 25.5" x 17.5" and 1" deep. The pans
were placed with the longest dimension normal to the wind direction at 2ft (~0.61m) on
center as shown in Figure 3.8.

Figure 3.8: Collection pan placement

A total of 18 pans were used to collect the firebrands. The placement of the pans was
determined by observing previous tests for the spread of the debris field. A schematic of
the layout can be seen below in Figure 3.9.
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Figure 3.9: Schematic of the collection pan assembly

The pans were all filled with water to extinguish the firebrands on initial contact. Figure
3.10 shows an example of one of the collection pans filled with embers. The firebrands
were collected and labeled with respect to their distance from the generators.
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Figure 3.10: Collection pan filled with embers produced from the generator

As seen in Figure 3.10 only a fraction of the embers produced were collected and
analyzed due to the spacing of the collection pans. Future studies should aim to minimize
the fraction of embers lost during testing. This study assumed that the embers collected in
each pan provided a good representation of the ember mass distribution that landed at
each downwind distance.
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It was also observed that the average sizes of the embers progressively decreased with
distance. This observation was also confirmed from the data analysis of the downwind
mass distribution.

3.5 Data Analysis
The embers were collected and transported back to Clemson University where they were
dried. The embers were allowed to dry for approximately two weeks and were weighed
on a daily basis until no changes in mass was observed. A sample of the collected embers
produced from both the pine bark/wood chip mulch mix is shown in Figure 3.11. The
bottom row of embers shown in the figure represents a sample of the embers that were
produced specifically from the wooden dowel rods.
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Figure 3.11: Sample of collected embers
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Once the embers were completely dried, mass measurements were taken. A scale of 0.01
gram resolution was used. A total of 923 mass measurements were collected. A mass
distribution for each pan location was obtained. A sample of the mass distribution from
the embers collected in pan #5 which is located 48ft from the generator is shown in
Figure 3.12.

Histogram of Mass data at 48ft
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Figure 3.12: Plot of sample mass distribution

The collected mass data was used to calculate the particle size distribution at any
horizontal distance and the overall downwind mass distribution. The center of mass and
standard deviation about that point were calculated for the entire debris field. These
calculations were used as a comparison for the model predictions. Detailed results and a
data comparison are presented in chapter 4.
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CHAPTER FOUR
EXPERIMENTAL DATA COMPARISON
The ember flight model predictions were compared to the experimental results from the
wind tunnel tests conducted at the IBHS Research Facility in Richburg, SC. The goal of
the model was to replicate the data collected from the experimental tests. Initial and
ambient conditions were measured and recorded and these values were used in the model.
Some approximations were necessary in establishing the estimates of the experimental
initial conditions. The sensitivity of the model output to these uncertainties in the input
parameters was analyzed and is discussed in detail below.

4.1 Model Input/Initial Conditions
The firebrand generator input consisted of wooden dowel rods, pine bark, and wood chip
mulch. The generators were filled with a total volume of approximately 0.1 cubic meters
(~3.6 cubic feet) of material. The wooden dowel rods made up 0.007 cubic meters (~0.25
cubic feet) of the total volume. The rest consisted of equal parts of the pine bark and
wood chip mulch. There were three different sizes of wooden dowel rods and
approximately 275 grams of each size was used. The three dowel rod sizes included the
following: 12.7x38.1mm (0.5x1.5in), 9.53x38.1mm (0.375x1.5in) and 6.35x38.1mm
(0.25x1.5in). A random sample of unburned mulch was obtained to determine the range
of masses and a size distribution for the model. The mass range of the sample was 0.25 to
3.8 grams. Due to the fact that an unknown fraction of mass is lost during the ignition
process, a mass range and size distribution of the collected burned firebrands was also
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obtained. The results from both the burned and unburned input parameters were analyzed
and compared. The mass measurements collected from the experiments were
approximated using a lognormal distribution. Therefore the location and scale values
were input into the model to recreate the mass distribution observed from the
experiments. The location (μ) and scale (σ) for the unburned fuel was 0.1532 and 0.7690
respectively. The location (μ) and scale (σ) for the collected firebrands was 3.2811 and
0.94289 respectively. An analysis of the model results revealed that very little mass was
lost and there is a negligible change in diameter from time of release to the time at which
the embers landed. Therefore, the lognormal mass distribution of the collected burned
firebrands was used as the model input.

The generator produced firebrands at three different release heights: 1.83m (6ft), 3.35m
(11ft) and 6.4m (21ft). The firebrands were released into a uniform wind stream of
8.94m/s (20mph). An average turbulence intensity value of 0.014 was observed. For this
study, the vertical and horizontal turbulence intensities were considered to be negligible.
Initial velocities of the firebrands, as they exited at each release height, were measured. A
discussion of how these parameters were measured is discussed in Section 4.3. For the
three release heights of 1.83m (6ft), 3.35m (11ft) and 6.4m (21ft) the exit velocities were
measured to be approximately 9, 7.5 and 6m/s respectively. The centerline or launch
angle of the firebrand plume was 45° and the plume extended approximately 10° on
either side of the centerline. A depiction of what the firebrand plume typically looked like
is shown in Figure 4.1.
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Figure 4.1: Cone of firebrands produced by generators
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4.2 Experimental Results
The firebrands generated during the wind tunnel experiments were collected, dried, and
weighed. The mass distribution across the entire collection distance was determined to be
lognormal with location (μ) and scale (σ) values of -3.2811 and 0.94289 respectively.
Table 4.1 presents the mass distribution data for each individual collection pan. Due to
the resolution of the scale used for the mass measurements, only embers greater than or
equal to 0.01g were weighed. Table 4.1 shows the sum of the masses in each pan that
could (>0.01g) and could not (<0.01g) be weighed. The last column provides the percent
of the embers in each pan that could not be weighed. This was taken into account for the
comparison between the experimental data and model predictions by adding the total
mass of embers that were too small to weigh into the total mass used to calculate the
mass fraction of embers at each distance downwind.
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Table 4.1: Mass data of collected embers for each distance downwind
Standard
Total
Distance Distance Mean
Location Scale Mass Mass
%
Pan
Deviation
Mass
(ft)
(m)
mass
μ
σ <0.01g >0.01g
<0.01
of mass
(g)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70
72
74

12.20
12.80
13.41
14.02
14.63
15.24
15.85
16.46
17.07
17.68
18.29
18.90
19.51
20.12
20.73
21.34
21.95
22.56

0.09
0.05
0.09
0.07
0.03
0.05
0.09
0.10
0.06
0.06
0.06
0.09
0.18
0.13
0.06
0.05
0.07
0.19

0.13
0.07
0.35
0.10
0.03
0.06
0.15
0.27
0.10
0.15
0.09
0.14
0.34
0.29
0.06
0.10
0.16
0.69

-2.88
-3.48
-3.49
-3.16
-3.61
-3.33
-3.11
-3.34
-3.34
-3.34
-3.40
-3.17
-2.78
-3.24
-3.14
-3.55
-3.43
-3.45

0.87
0.72
1.02
0.85
0.67
0.62
1.05
1.13
0.94
0.88
0.95
1.10
1.34
1.36
0.69
0.70
1.05
1.33

14.86
6.79
3.84
5.52
4.35
4.15
3.84
3.30
3.71
3.47
2.54
2.77
1.99
1.97
2.18
1.66
1.94
2.40

4.64
2.23
5.32
4.98
3.47
3.39
6.46
5.40
3.30
3.47
4.28
3.92
8.23
4.61
1.54
1.40
2.48
4.40

19.50
9.02
9.16
10.50
7.82
7.54
10.30
8.70
7.01
6.94
6.82
6.69
10.22
6.58
3.72
3.06
4.42
6.80

76.21
75.28
41.92
52.57
55.63
55.04
37.28
37.93
52.92
50.00
37.24
41.41
19.47
29.94
58.60
54.25
43.89
35.29

4.3 Model Predictions for Each Height
Input conditions were largely determined from experimental data and observations. It was
assumed that the model input for mass distribution was the same as the mass distribution
of the collected embers. This assumption was made because the model results showed
that very little mass was lost and there is a negligible change in diameter from time of
release to the time at which the embers landed. The exit velocities for each release height
were determined from analyzing video recordings frame by frame. The path of a single
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ember was tracked over time. The distance travelled was estimated and the velocities
were calculated using the frame rate of the camera. That is
(4.1)
where is the distance travelled by the ember between two frames of the video and

is

the frame rate in frames per second. The exit velocities were randomly generated from a
normal distribution that ranged between (+) or (-) 2m/s from the initial velocity value
obtained from the video recordings. The input conditions for the angle of release and
standard deviation about that angle were obtained from still photographs such as shown
in Figure 4.1. The angle was randomly varied over a normal distribution function using
the MATLAB random number generation function.

Table 4.2 provides the calculated results for the center of mass (COM) and standard
deviation (STD. DEV.) about the center of mass for each release height as predicted by
the model.
Table 4.2: Center of mass and standard deviation calculations for model results

COM (m)
STD. DEV. (m)

6ft
10.616
3.785

11ft
8.069
2.998

21ft
9.261
3.612

A graphical depiction of the mass fractions versus distance for each release height as
predicted by the model is shown in Figures 4.2a-4.2c.

79
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Figure 4.2a: Mass-fraction vs. distance for a release height of 6ft

Mass Fraction vs. Distance (H0=11ft)
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Figure 4.2b: Mass-fraction vs. distance for a release height of 11ft
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Mass Fraction vs. Distance (H0=21ft)
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Figure 4.2c: Mass-fraction vs. distance for a release height of 21ft

The predicted mass distributions are not particularly smooth even though the simulations
are run with 50,000 particles per release height. There are a number of reasons for this.
First, each simulation is run with three randomly varying input parameters (particle size,
launch speed and launch angle). Therefore, more simulations may be required in order to
fully cover the available parameter space. Conversely, because the particle size is lognormally distributed, the larger the number of randomly generated particle masses, the
greater the probability of a few very large particles dominating the mass distribution. A
more detailed discussion on the potential complications with randomly generating
numbers from a lognormal mass distribution and proposed solutions can be found in
Appendix A.
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4.4 Comparison of Model Predictions to Experimental Data
The data collected from the wind tunnel experiments was a result of embers being
released from all three release heights simultaneously as shown in Figure 4.3.

Figure 4.3: Embers being released from three release heights simultaneously

Therefore, to compare the simulation results to the experimental data, simulation results
for all three release heights had to be combined to form a single mass distribution. First
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the mass flux of embers generated at each release height had to be obtained because, as
observed in the experiments, each generator release height did not produce the same mass
flux of embers. As a first approximation, this was done by basing the percentage of
embers coming from each release height on their respective exit velocities. Calculations
showed that the percent of the total number of embers being released for 6, 11, and 21ft
was 40, 33 and 27% respectively. Therefore, the number of simulations (N) ran was
80,000 for 6ft, 60,000 for 11ft, and 50,000 for 21ft. These numbers were based on a
minimum of 50,000 particles simulated, which is not representative of the actual number
of embers released during the experiments, just the ratio of the mass flux between the
three release points. The mass data was then combined to obtain a total mass produced
from all three release heights at each distance downwind. Table 4.3 provides the
simulation data and input parameters for comparison to the experimental data.
Table 4.3: Model simulation input for experimental comparison

N
U0

6ft
80,000
9m/s

11ft
60,000
7.5m/s

21ft
50,000
6m/s

Ua
θ
σθ
μ
σ

8.94m/s
45°
10°
-3.2811
0.94289

8.94m/s
45°
10°
-3.2811
0.94289

8.94m/s
45°
10°
-3.2811
0.94289

Figure 4.4 shows the model predictions for the total mass collected as a function of
distance. Calculations from the model data resulted in a center of mass located at 9.48m
and a standard deviation about the center of mass of 3.68m.
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Figure 4.4: Model prediction of total mass as a function of distance based on combining
190,000 simulations

The experimental data was collected over a distance from 12.20m (40ft) to 22.56m (74ft).
Therefore, in order to compare the simulation results to the experimental data, only the
total mass in each pan within the experimental distance was analyzed. The sum of the
mass within this distance was calculated and new mass fractions were obtained. The mass
fraction versus distance for the model and experimental data are shown in Figure 4.5.
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Figure 4.5: Comparison of mass-fraction vs. distance

A total of 190,000 total simulations for all three release heights combined were run and
the resulting distribution of predicted flight distance was compared to the experimentally
measured flight distance distribution. Again the simulated mass distribution is relatively
uneven, possibly for the reasons described above. See appendix A for a further discussion
of this unevenness. The calculated value for the experimental center of mass was 16.42m
with a standard deviation of 3.16m. The re-calculated center of mass for the model data
over the experimental distance was 14.18m with a standard deviation of 1.87m.

4.5 Sensitivity Analysis
A sensitivity analysis was performed for a series of input parameters including the wind
speed Ua, initial particle velocity U0, angle of the centerline of firebrands released θ,
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standard deviation of the centerline angle σθ, and shape μ, and location σ, of the particle
input mass distribution. Simulations were run to determine the impact of input variability
on both the mean and standard deviation of the flight distance. Each simulation was
compared with the reference case. The input parameters for the reference case are shown
in Table 4.4.
Table 4.4: Input parameters for sensitivity analysis

Parameter
Launch velocity
Wind speed
Launch angle
Std. dev. of launch angle
Location
Shape

Notation
U0
Ua
θ
σθ
μ
σ

Range

Reference

6m/s to 9m/s
(-)15% to (+)15%
35° to 55°
5° to 15°

7.5m/s
8.94m/s
45°
10°

(-)15% to (+)15%
(-)15% to (+)15%

-3.2811
0.94289

The release height was 3.35m (11ft) for all simulations in this section. All simulations
were run for 50,000 particles. In each simulation only one of the input parameters listed
in table 4.4 was varied with the remaining parameters held constant at the reference case
value. A total of 33 simulation sets were conducted, which represents 1.65 million
simulated flights.

Table 4.5 provides the center of mass (COM) calculations for each input parameter while
Table 4.6 provides the standard deviation (STD DEV) about the center of mass for each
input parameter. χ represents the dimensionless center of mass, which was calculated by
dividing the center of mass for any given simulation by the center of mass for the
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reference case. ζ represents the dimensionless standard deviation which was calculated by
dividing the standard deviation for any given simulation by the standard deviation for the
reference case. The data in tables 4.5 and 4.6 are presented graphically in figures 4.6 and
4.7. The rows highlighted in the tables are the values for the reference case. On the
graphs, the data points for the reference case are plotted as the point (0, 1).
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Table 4.5: Center of mass calculations

U0 = 9 m/s
U0 = 8.5 m/s
U0 = 8 m/s
U0 = 7.5 m/s
U0 = 7 m/s
U0 = 6.5 m/s
U0 = 6 m/s
θ=35°
θ=40°
θ=45°
θ=50°
θ=55°
σθ = 15°
σθ = 12.5°
σθ = 10°
σθ = 7.5°
σθ = 5°
μ= +15%
μ= +10%
μ= +5%
μ= 0%
μ= -5%
μ= -10%
μ= -15%
σ= +15%
σ= +10%
σ= +5%
σ= 0%
σ= -5%
σ= -10%
σ= -15%
Ua = +15%
Ua = +10%
Ua = +5%
Ua = +0%
Ua = -5%
Ua = -10%
Ua = -15%

COM
11.319
9.549
9.727
8.069
8.835
7.316
6.307
8.837
8.362
8.069
8.310
7.359
7.047
8.384
8.069
8.547
8.135
8.347
8.315
9.613
8.069
9.006
7.959
7.176
8.664
6.417
8.928
8.069
8.104
8.193
9.192
7.272
7.218
8.836
8.069
8.110
8.495
7.919

χ
1.403
1.183
1.206
1
1.095
0.907
0.782
1.095
1.036
1
1.030
0.912
0.873
1.039
1
1.059
1.008
1.034
1.031
1.191
1
1.116
0.986
0.889
1.074
0.795
1.106
1
1.004
1.015
1.139
0.901
0.895
1.095
1
1.005
1.053
0.981
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xinitial
7.5
7.5
7.5
7.5
7.5
7.5
7.5
45
45
45
45
45
10
10
10
10
10
-3.281
-3.281
-3.281
-3.281
-3.281
-3.281
-3.281
0.943
0.943
0.943
0.943
0.943
0.943
0.943
8.94
8.94
8.94
8.94
8.94
8.94
8.94

Δx
1.5
1
0.5
0
-0.5
-1
-1.5
-10
-5
0
5
10
5
2.5
0
-2.5
-5
-0.492
-0.328
-0.164
0
0.164
0.328
0.492
0.141
0.094
0.047
0
-0.047
-0.094
-0.141
1.341
0.894
0.447
0
-0.894
-0.447
-1.341

Δx/xreference
0.20
0.13
0.07
0
-0.07
-0.13
-0.20
-0.22
-0.11
0
0.11
0.22
0.50
0.25
0
-0.25
-0.50
0.15
0.10
0.05
0
-0.05
-0.10
-0.15
0.15
0.10
0.05
0
-0.05
-0.10
-0.15
0.15
0.10
0.05
0.00
-0.10
-0.05
-0.15

Table 4.6: Calculations for the standard deviation about the center of mass

U0 = 9 m/s
U0 = 8.5 m/s
U0 = 8 m/s
U0 = 7.5 m/s
U0 = 7 m/s
U0 = 6.5 m/s
U0 = 6 m/s
θ=35°
θ=40°
θ=45°
θ=50°
θ=55°
σθ = 15°
σθ = 12.5°
σθ = 10°
σθ = 7.5°
σθ = 5°
μ= +15%
μ= +10%
μ= +5%
μ= 0%
μ= -5%
μ= -10%
μ= -15%
σ= +15%
σ= +10%
σ= +5%
σ= 0%
σ= -5%
σ= -10%
σ= -15%
Ua= +15%
Ua= +10%
Ua= +5%
Ua= +0%
Ua= -5%
Ua= -10%
Ua= -15%

STD DEV
3.700
3.498
3.466
2.998
2.973
3.268
2.617
2.848
3.281
2.998
3.417
3.054
2.424
2.378
2.998
3.600
3.700
3.653
2.619
3.838
2.998
3.320
2.904
2.351
3.147
3.406
2.685
2.998
3.314
2.813
3.445
2.416
2.391
3.197
2.998
2.942
3.224
3.122

ζ
1.234
1.167
1.156
1
0.991
1.090
0.873
0.950
1.094
1
1.140
1.019
0.809
0.793
1
1.201
1.234
1.218
0.873
1.280
1
1.107
0.969
0.784
1.049
1.136
0.896
1
1.105
0.938
1.149
0.806
0.797
1.066
1
0.981
1.075
1.041
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xinitial
7.5
7.5
7.5
7.5
7.5
7.5
7.5
45
45
45
45
45
10
10
10
10
10
-3.281
-3.281
-3.281
-3.281
-3.281
-3.281
-3.281
0.943
0.943
0.943
0.943
0.943
0.943
0.943
8.94
8.94
8.94
8.94
8.94
8.94
8.94

Δx
1.5
1
0.5
0
-0.5
-1
-1.5
-10
-5
0
5
10
5
2.5
0
-2.5
-5
-0.492
-0.328
-0.164
0
0.164
0.328
0.492
0.141
0.094
0.047
0
-0.047
-0.094
-0.141
1.125
0.375
0.75
0
-0.75
-0.375
-1.125

Δx/xbase
0.20
0.13
0.07
0.00
-0.07
-0.13
-0.20
-0.22
-0.11
0.00
0.11
0.22
0.50
0.25
0.00
-0.25
-0.50
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
0.13
0.04
0.08
0
-0.08
-0.04
-0.13
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Figure 4.6: Effect of input uncertainty on center of mass (All axis scales cover the same
range.)
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The parameter sensitivity analysis shows that the particle launch velocity has the greatest
impact on the predicted flight distance. The launch angle, and standard deviation about
the launch angle have the least impact on the predicted flight distance. Varying the
launch velocity has a significant effect on the flight distance. A 20% increase in the
launch velocity increased distance to the center of mass by 40%, while decreasing the
launch velocity 20% reduced the distance to the center of mass by 22%. While every
attempt was made to accurately characterize the launch velocity based on frame by frame
analysis of video footage of the experiments, there is still significant uncertainty in the
base value used. This uncertainty most likely accounts for the bulk of the uncertainty in
the downwind mass distribution.

Varying the wind speed made a significantly smaller difference to the location of the
center of mass. Variations of up to 15% all resulted in variations about the reference case
of less than 10%. The launch angle and variation in launch angle had a negligible impact
on the location of the center of mass. A 22% variation in the angle resulted in only a 9%
change in the COM location. As the angle from the horizontal was increased the COM
moved closer to the dragon as the particles embers had a lower initial horizontal velocity.
Conversely, the COM increased with decreasing angle. The mass distribution parameter
(location and shape) variation study was inconclusive. There was no clear trend in the
data and a fair amount of scatter.
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Figure 4.7: Effect of input variation on standard deviation about the center of mass
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The standard deviation in the streamwise mass distribution follows a similar trend to the
location of the center of mass. Changing the launch velocity or the launch angle
significantly alters the standard deviation in the mass distribution while variation in the
wind speed and mass distribution has less impact on the distribution.

4.6 Discussion of Results
By introducing variability into the system, variability appears in the predicted results.
Debris flight models are almost entirely deterministic. These models typically assume
known fixed input parameters such as wind velocity and particle size as well as constant
coefficients such as the drag coefficient. However, such determinism is very rarely the
case and ember flight modeling can be improved by accounting for model input
uncertainty. The sensitivity analysis (section 4.5) demonstrates that, in order to fully
understand the behavior of embers launched from an ember generator like the one at
IBHS or the dragon used by NIST (Manzello et al. (2008a and 2008b)), it is important to
accurately measure the launch velocity and have a detailed understanding of the ember
mass distribution. However, it is less important to accurately measure the launch angle
and the variability about that launch angle as these parameters have a relatively small
effect on the downwind mass distribution.
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4.7 Sources of Error and Discrepancy
The model assumes that all particles are spherical in shape for simplicity of the flight and
combustion equations. In reality, the embers more closely resemble disk and cylindrical
shaped particles, but they still have many rough edges. The launch conditions of the
embers (velocity, angle, and standard deviation of each) were obtained from observations
of video recordings and images of the experimental tests. More accurate measurements of
these parameters are necessary to decrease the level of human error and uncertainty in
these measurements.

As briefly mentioned above in section 4.4, there were some discrepancies when
comparing the model data to the experimental data. A lognormal distribution was utilized
as a first approximation in the model’s random generation of mass values. The predicted
mass distributions were not particularly smooth even though the simulations were run
with 50,000 particles per release height. There is the possibility of generating excessively
large particles using this distribution. The probability of such large particles being
generated increases with the number of random particle sizes being generated. These
exceptionally large particles end up dominating the resulting mass distributions resulting
in the unevenness observed in the model results presented here. See Appendix A for
recommended resolutions to the discrepancy described above.

Experimental error was observed during testing. Some embers were able to escape from
the burn box as seen in Figure 4.3 and were lofted into the first few pans. In addition,
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because the pans were only 1 inch deep, there was the possibility of embers blowing and
skipping across the floor and being lofted into the pans. Error also resulted from
collection, transport and handling of the embers. The drying and weighing process was a
challenge because once the collected embers had completely dried, they became
extremely brittle. Some mass measurements could have been obtained from embers that
were broken during these processes, which could have affected the mass distribution. Due
to limits of the scales used, embers below 0.01 grams could not be weighed. Accounting
for the embers below this value could have significant effects on the mass distribution
used in the model.

95

CHAPTER FIVE
CONCLUSIONS AND FUTURE RESEARCH
The purpose of this thesis is to compare a theoretical ember flight model with
experimental measurements made in a wind tunnel and to examine the sensitivity of the
predicted ember flight distance to changes in launch angle, launch speed, wind speed, and
the size distribution of the embers. A series of wind tunnel tests were performed and the
data obtained was used as input parameters for the ember flight model. A comparison of
experimental results to the model results was performed for the purpose of justifying the
model predictions.

Previously developed ember flight models have ignored the stochastic nature of the
model inputs. In particular, they have focused on fixed ember sizes. However, ember
sizes are not uniform but rather follow some probability density function. Classical ember
flight models were modified to account for variable ember masses through the use of
Monte Carlo simulations. Based on a re-analysis of the ember production study of
Manzello et al. (2007b) a log-normal distribution was selected. Simulations were run in
which 50,000 individual flights were numerically calculated and the resulting downwind
mass distribution measured.

5.1 Major conclusions
Analysis of the simulated and measured mass distributions indicated that, even for large
numbers of particles, the distributions are still fairly uneven. This is most likely due to a
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small number of larger particles dominating the distribution. The simulation results also
indicate that, for flight times observed in the laboratory (of the order of a few seconds),
very little mass is lost to combustion and there is a negligible change in diameter from
time of release to the time at which the embers landed. In addition, for the low turbulence
intensities observed in the wind tunnel, temporal variation in wind speed makes only a
negligible difference in the flight distance.

The use of Monte Carlo simulations, as described in Chapter 4, provides a means for
quantifying the influence of input uncertainty on the resulting flight characteristics
(center of mass and standard deviation). Running a series of simulations varying each
input parameter, i.e. launch velocity, launch angle, particle mass distribution, and wind
speed shows the effect of input parameters variability on the simulation outcome. The
parameter sensitivity analysis shows that the particle’s launch velocity has the most
significant effect on the predicted flight distance. A larger input variability will produce
larger output variability.

In summary, the results presented above demonstrate the following points with regard to
numerical modeling of the behavior of embers produced by dragon type ember
generators:
1) It is essential to account for input variability in the form of an appropriate ember
mass distribution. Both the mean and standard deviation of the ember masses
influences the downwind mass distribution.

97

2) The downwind ember distribution is sensitive to the particle launch velocity
which must therefore be accurately parameterized if the ember field is to be
controlled and predicted.

3) The resulting mass distribution is less sensitive to the launch angle and the spread
on the launch angle.

4) As there is negligible combustion of the flight time, the collected embers can be
used to parameterize the input ember size distribution

5) Comparisons between the wind tunnel experiments and the model simulations
provides a first order validation of the model, though detailed comparison of
results was not possible.

5.2 Future work
Below is a list of suggested future research topics as well as a discussion of possible
improvements to the experimental technique.

Future modeling work
1. There are many other sources of uncertainty associated with the ember flight
model. In particular, the assumption that the particles are spherical is likely to
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prove

an

over-simplification.

Future

work

should

look

at

accurate

parameterization of the particle shape possibly by looking at the relationship
between the Stokes diameter, the particle effective diameter, and particle shape.

2. Assuming a log-normal mass distribution function combined with stochastic
initial conditions results in uneven mass distributions. The possibility of further
refining the distribution function, or running more flights per simulation to
smooth the resulting distribution should be investigated.

3. Current models in the literature are almost entirely unsupported by experimental
verification. This is particularly true of the lofting phase of the transport process.
The sensitivity analysis in this study shows that the lofting phase, which
encompasses the launch velocity of the particles, has a significant impact on
model predictions. More experiments should be run to validate current ember
flight models.
.
Future experimental improvements
1. More experiments need to be conducted to provide a wide array of data for the
purpose of obtaining downwind mass distributions and ranges of flight distances
with respect to the characteristics of the fuel source.
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2. An ember mass distribution should be obtained for embers produced from a single
release height as opposed to embers being released from three different heights
simultaneously.

3. The array of pans for the experimental data collection should be arranged so that
no fraction of embers is lost due to spacing of the pans.

4. The pans should be deep enough to avoid collection of particles that skip across
the floor of the test chamber.

5. Work is needed to accurately parameterize the appropriate statistical description
of each input parameter such as the launch velocity, launch angle distribution, and
particle size distribution. Particle launch velocities have the most significant
effect on the predicted flight distance. Therefore a technique for more accurately
measuring the particle’s velocity as it exits the experimental launching device
should be implemented.
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APPENDIX A
As seen in Figure 4.5 from Chapter 4, several of the model points have unusually high
mass fractions. This discrepancy in the data is deemed a result of using the random
number generator function for a lognormal mass distribution in MATLAB. In the study
of Karimpour & Kaye (Accepted) they showed that Monte Carlo simulation of a similar
type using 10,000 random particles produced a relatively smooth mass distribution with
none of the significant jumps observed in figure 4.5. While there are a number of
differences between the simulations, such as slightly different initial conditions, the
biggest difference was the particle size distribution. Karimpour & Kaye used a uniform
distribution for the particle size, whereas this study uses a log normal distribution based
on the work of Manzello et al (2007b) as shown in Figure 2.2. While a uniform
distribution has clearly defined upper and lower bounds on the range of possible particle
sizes, this is not true for a log normal distribution. Therefore, it is possible to randomly
generate excessively large particles using this distribution. The probability of such large
particles being generated increases with the number of random particle sizes being
generated. Karimpour and Kaye (accepted) ran a series of tests in which the number of
particles per simulation was increased from 10 to 10,000 and as the number of particles
per simulation increased, the outcome statistics became more consistent. This is not true
for the simulations of this study. Despite using five times as many particles per
simulation, the resulting mass distribution is far from smooth.
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One possible solution to this problem might be to keep using a log normal distribution
function and simply impose a maximum mass on the resulting particle set. The particle
masses would be randomly generated as they have been for this study and then all
particles with a mass above some upper limit would be removed from the simulation.
While there are minor logistical and programming problems to be overcome, the major
challenge would be to establish an appropriate upper bound on the particle mass. It would
be possible to take the mass of the largest ember collected in the experiments as the upper
limit, though this tacitly assumes that the collected embers represents a complete data set.
This problem is left as future work.

A comparison of the model data to the experimental data removing the abnormally high
masses was performed. This was done by ignoring the abnormally high masses in the
pans for each respective height, prior to the summation of the total masses at each
distance for all three heights combined. A new plot of the adjusted mass fractions for the
model predictions vs. the experimental data is shown in Figure A.1. The plot of the
adjusted mass data shows that both the experimental and model data follow a more
similar trend.
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Figure A.1: Adjusted data for comparison of mass fractions vs. distance
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